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ABSTRACT 
 
THE COORDINATION CHEMISTRY OF DITHIONE LIGANDS: DESIGN, 
SYNTHESES, CHARACTERIZATION AND REACTIVITY STUDY OF 
MOLYBDENUM AND SELECT FIRST ROW TRANSITION METAL COMPLEXES 
 
 
 
By 
Benjamin Mogesa 
December 2014 
 
Dissertation supervised by Dr. Partha Basu: 
The coordination chemistry of dithiolene complexes has attracted enormous 
interest by inorganic chemists due to their presence in biological systems and possible 
applications in material science. Dithiolene units have been identified at the active site of 
metalloenzymes, containing molybdenum and tungsten. Model complexes have played a 
significant role in understanding the structural and reactivity of the active site of these 
enzymes.  
In Chapter 2, we report the synthesis of a series of molybdenum complexes, 
MoIVO(p-SC6H4X)2(R2Dt
0), where R = iPr or Me and X = H, Cl, CF3, Me, OMe and 
tBu, 
to serve as model complexes for the active site of the molybdenum containing enzymes 
(molybdenum cofactor). These complexes were characterized by NMR, IR, UV-vis, and 
 v 
 
electrochemistry. In some cases, where quality single crystals were obtained, they were 
characterized by X-ray crystallography. Two representative complexes, 
MoIVO(SC6H5)2(R2Dt
0) (R = iPr, and Me) were further investigated for substrate 
reduction, involving oxygen atom transfer (OAT) from inorganic substrates, namely; 
trimethyl amine N-oxide (TMAO), dimethyl sulfoxide (DMSO) or nitrate (NO3
-). These 
reactions were followed by UV-vis and NMR spectroscopy. These complexes were 
capable of reducing TMAO, but not DMSO or NO3
-, and were oxidized to corresponding 
MoVI complexes. In solution, the oxidized complexes (MoVI) were reduced to the parent 
MoIV center by tertiary phosphines; trimethyl phosphine (PMe3), dimethyl phenyl 
phosphine (PMe2Ph) and triphenyl phosphine (PPh3), hence completing the catalytic 
cycle. However, in these reactions, PMe3 and PMe2Ph, coordinates to the parent Mo(IV) 
complex, hindering the reactions. The corresponding phosphine oxides and coordinated 
phosphines were detected by 13P NMR spectroscopy. 
In Chapters 3 and 4, we explore the coordination chemistry of selected first row 
transition metals with dithione ligands. We have synthesized a series of iron (Fe), copper 
(Cu), cobalt (Co) and zinc (Zn) complexes containing 1,4-diisopropyl-2,3-
piperazinedithione (iPr2Dt
0) and 1,4-dimethyl-2,3-piperazinedithione (Me2Dt
0) dithione 
ligands. These complexes form the first series of first row transition metals containing 
dithione ligands to be synthesized. They were also characterized by NMR, IR, UV-vis, 
and electrochemistry and in some cases X-ray crystallography. Iron and cobalt complexes 
exhibits octahedral coordination geometry, while copper and zinc exhibit both tetrahedral 
and square planar geometry.  
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1.1 General introduction 
1.1.1 Definition 
The term “dithiolene”, first defined by McCleverty,1 refers to a ligand of the 
general formula R2C2S2 which, depending on one’s formalism, could be described as an 
alkene-1,2-dithiolate dianion, a 1,2-dithione, or one with an oxidation state between the 
two extremes (Figure 1.1).  
 
They are chelating ligands, coordinating through the two sulfur atoms to form dithiolene 
metal complexes. The ligand can coordinate to metal center in any of the three oxidation 
states shown in Figure 1.1. The numbers of -electrons in the three oxidation states of 
these ligands are also different as shown. The basic dithiolene unit can be completely 
aliphatic, part of an aromatic ring or a part of other heterocyle.  
1.1.2 Redox states of ligands 
Ligands can be differentiated into two categories: redox active (noninnocent) or 
redox inactive (innocent) ligands.2 In metal complexes containing innocent ligands, e.g. 
H2O and NH2, the oxidation state of the metal ion can be definitively assigned. However, 
in cases where the metal ions are stabilized by redox active ligands that participate in the 
Figure 1.1: Description of dithiolene ligands showing different oxidation states. 
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overall redox reaction, the identification of the oxidation state of the metal ion is difficult 
to achieve. Dithiolene ligands are known to undergo two, one-electron oxidation steps to 
fully oxidized dithione (Figure 1.1) and have been termed “redox noninnocent”.3-6 
Jørgensen and later Ward, and McCleverty have defined a noninnocent ligand as ‘one, 
when coordinated to the metal, the oxidation state of the metal and that of the ligand is 
difficult to ascertain; especially when the metal and ligand centered orbitals are not at 
different energy levels’ as is the case in the electronic structure of dithiolene complexes.2, 
7, 8 
1.1.3. Synthesis of Dithione Ligands 
The general synthesis of dithione ligands is outlined in this section. Detailed 
syntheses of individual ligands can be found in the references herein. Dithione ligands 
have been synthesized as neutral molecules or generated in coordination with metal 
centers. The different subclasses of dithione ligands are listed in Table 1.1. A group of 
molecules closely related to dithione ligands, dithiooxamide are known in literature. They 
are here presented as derivates of N, N’-substituted dithiooxamide (abbreviated as R2dto). 
The R-groups in these molecules are straight chain substituents. These class of molecules 
were synthesized in the late 40s and early 50’s, for their possible pharmaceutical and 
industrial applications.9-11 A number of them were synthesized and characterized by 
elemental analysis, melting points and IR-spectroscopy.10 The syntheses of these 
molecules was achieved by one of the following three methods; one, by a condensation 
reaction of a primary aliphatic amine with a dithiooxamide (R2dto, R = H). Secondly by 
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synthesizing a diooxamides and then treating the dioxamides with phosphorus 
pentasulfide and lastly by esterification of a N,N’-bis(carboxymethyl)dithiooxamide.  
Ligand R-Substituent  Ligand R-Substituent/Reference 
 
R2dazdt 
 
R = R = Me,12 
Et, CH2Ph  
R2-dt 
 R1 = R2 = CF3,
13 SMe,14 
Morpholine15 
R1= p-
tBuPh, R2 =N(CH3)2 
R1= 
tBu, R2 = N(CH3)2 
R1 = Ph, R2 = N(CH3)2 
R2timdt 
R = Me, Et 
 
R2Dt
0 
 R = Me,16 iPr, Et, Cyclodecyl17 
, CH2Ph 
18 
 
R2dto 
 
 
 
R = H, CH2Ph, Et,
19(CH2)3CH3, Me, CH(CH3)COOH,
20 
CH2COOH,
20 CH(CH3)2, (CH2)2OH, Cyclopentane,
19 
Cyclohexane,  p-ClPh, C(CH3)2CH2COOH 
Other dithione ligands 
                
dddt21                  dpdt22                tamdt23 
 
Table 1.1: List of dithione ligands.  
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Another class of dithiones are the -dithiones, which dithione ligands that do not 
incorporate an amide group in their basic unit. They instead have a RC(=S)C(S)R 
common basic unit. An example of such ligands is a series of the 4’,4’-
bis(dimethylamino)dithiobenzil derivates. These molecules have been isolated using 
photochemical reactions (Figure 1.2).24 In solution, the -dithione molecule, a-2, is in 
equilibrium with the valence tautomeric dithiete form, a-4. 
 
Figure 1.2: Photosynthesis of -dithiones. 
The third class of dithione ligands is those in which the dithione unit is 
incorporated in a heterocyclic ring, such as the piperazine ring (R2Dt
0). 25-29,10, 30 Their 
synthesis can follow the general scheme outlined below (Figure 1.3, A and B). They can 
be synthesized from a condensation reaction of N,N’-substituted 1,2-diamines with a 
diethyl oxalate to form a dione. The dione is then converted to a dithione, through 
sulfurization using Lawesson’s reagent. With a slight modification as in Figure 1.3 (A), 
optically active dithione ligands have also been synthesized.31  
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Figure 1.3: Synthesis of dithione ligands. 
 
1.2.4 Spectroscopy of dithione ligands 
Free dithione ligands have been characterized by UV-vis, infrared and NMR 
spectroscopies. They exhibit general spectroscopic signatures that are characteristic of the 
dithione unit (RC(=S)C(=S)R) with differences mainly due to the various substituents or 
solvent used. The UV-Vis of -dithione molecules for instance, a-3/a-2 (Figure 1.2) 
exhibit a low energy transition at 470 nm in methylene chloride-hexane (4:1). This high 
intensity band decreases in intensity with a decrease in polarity of solvent. The molecules 
also exhibit a bathochromic shift in solvents of different polarity (Figure 1.4). The high 
energy band exhibited by these ligands, are mainly due to the open form a-3, decreases 
with decrease in polarity of solvent, shifting the equilibrium of a-3/a-2 to that of the 
closed dithiete form (Figure 1.2).  
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The other dithione molecules show similar trends in their electronic spectra. They 
exhibit a band ~300-317 nm with overlapping shoulder bands at ~430-460, 460-516 nm. 
The high energy bands have been assigned to * transitions, while the low energy 
bands are due to n-* transitions. Me2Dt0 ligand shows bands (, nm ( Lmol-1cm-1 of 
418(725); 312(12,370); 275(22,770, sh). When coordinated to a metal ion, as discussed 
later, the molecular system often exhibits a metal-to-ligand charge transfer transition 
(MLCT) from a metal orbital to a low lying dithione based *-acceptor orbital.32 
Not many dithione ligands have been characterized by 13C NMR spectroscopy, 
where the (C=S), serves as one of the key signatures of dithiones ligands. For the 
heterocyclic dithione ligands shown in Figure 1.5, the (C=S) ranges from 180-190ppm, 
which varies depending on the ring substituents present in the ring.31 
 
Figure 1.4: Absorption spectra of equimolar solutions of a-3/a-2 in solvent mixtures of 
CH2C12-C6H14 at room temperature. Volume % C6H14 in CH2Cl2: A, 0; B, 52; C, 72; D, 
84; E, 92.24 Reprinted with permission from reference 24, copyright 1985, American 
Chemical Society. 
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Piotrkowska and others31 have reported that the substituent on the ring changes the 
symmetry of these molecules and in some cases the dithione units are not equivalent and 
exhibit different chemical shifts, indication that the dithione units can be modulated by 
the different substituents on the ring. When coordinated to the metals, the complexes can 
also exhibit different properties. Symmetrical dithione exhibits similar NMR chemical 
shifts and substituents such as a phenyl group on the ring causes a downfield shift. 
1.2. Geometric structures  
A number of free dithione ligands have been characterized by X-ray 
crystallography. The bond lengths of the key dithione unit mainly (C=S and C-C) and (C-
N) if applicable are similar (Table 1.2).  
 
 
 
Figure 1.5: 13C NMR resonance of C=S in select dithione molecules. 33 
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Ligand R-group d(C-C) d(C-N) d(C=S) Reference 
R2dto -CH(CH3)COOH 
-CH2COOH 
-CH2CH(OH)CH3 
-p-C6H4-Cl 
1.518 
1.518 
1.522 
1.537 
1.388 
1.379 
1.312 
1.321 
 
1.655 
1.650 
1.654 
1.537 
20 
 
34 
35 
dpdt  1.453  1.645 22 
R2Dt
0 Me 
Cyclodecyl 
1.532 
1.523 
1.323 
1.310 
1.660 
1.653 
16 
17 
 
The average C=S bond length is approximately 1.65 Å, and the C-C bond between the 
two thioamide groups is ~1.45-1.54 (Å). These bond lengths (Table 1.2) are similar to 
those found in other molecules with C(sp2)-C(sp2) bond length of 1.47-1.54Å, implying 
that in the ground state, there is no net delocalization of electrons between the two 
thioamide moieties.36 Similar bond length in dithione ligands, will be indicative of the 
absence of electron delocalization between the two (N-C=S) moieties.16  
Based on the bond distances, it has been proposed that these molecules exist in 
the thioamide enolate form (Figure 1.6), although the bond lengths alone cannot 
conclusively informative of the electron delocalization because other factors such as 
condensed phase effects can also affect bond distances. However, bond lengths in 
corroboration with other spectroscopic signatures, such as vibration spectroscopy may 
reveal the true nature of bonding in dithione molecules. 
 
 Table 1.2: Selected bond lengths of representative dithione ligands (Å). 
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      Figure 1.6: Dithiooxamide showing dithione resonances. 
In straight chain dithiones, such as dithiooxamide, the dithione (RC(=S)C(=S)R) 
unit can exists in either the trans- or cis- conformation (Figure 1.7).  
 
 
 
 
However, these molecules preferably coordinate to metal centers in the cis form through 
S, S atoms, as opposed to trans or N, S atoms of the molecule. A few exceptions where 
the trans N, S coordination is preferred, has been reported in the synthesis of dicopper 
complexes, co-crystals of dithiooxamide and nitrogen heterocycles. In these complexes, 
the trans conformation is stabilized by strong intermolecular N-H....N hydrogen bonding 
and week N-H....S=C  interactions.37, 38 Incorporation of a ring into the dithiooxamide 
moiety imposes a cis conformation as in Me2Dt
0 ligand, making the trans conformation 
difficult.31, 39 The molecular structures of these compounds have also been reported in 
Figure 1.7:  Conformations of aliphatic dithione molecules. 
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literature and selected parameters are shown in Table 1.2. Whether the dithione unit is 
incorporated into a ring or is in a straight chain form, their molecular structure exhibit 
similar bond lengths.  
1.3. Electronic structures  
1.3.1 Dithiolene 
A number of models have been developed to understand the electronic structure 
and mode of coordination of the dithiolene ligands. 40-42 One of the models describes the 
symmetry of the sulfur (S) orbitals, as symmetric and antisymmetric, together with 
their orientation, that is if they are in plane (Sip) or out of plane (Sop) in relation to the 
metal orbitals during bonding. A DFT and ab initio calculations performed on [S2C2H2]
2- 
unit, resulted in the valence orbitals shown in Figure 1.8.41 The electronic structure, 
shows the electron density on the ligand orbitals to be largely localized on the sulfur 
atoms, which corresponds to experimental results from spectroscopic studies on the metal 
dithiolene complexes. The results also suggests that the metal sulfur bond is 
predominantly of the sulfur character, with little contribution from the ethylene unit.43 In 
this description of dithiolene electronic structure, the molecular orbitals are classified into 
two groups, namely in-plane (a’ip) and (a”ip), and the out-of-plane components (a’op) 
and (a”op), where a’ and a” are the symmetry of the wave function with respect to the 
mirror plane bisecting the C=C bond. 
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 The electronic structure of the dithiolene ligands, however, depends on the type 
of the ligand and in the case of coordinated ligands, on the metal center. A better 
electronic structure that can be used to describe the dithiolene metal coordination 
properties will therefore depend on the type of metal and also the specific ligand 
involved. However this is only a guide to the coordination chemistry of metal dithiolene.  
To be able to understand the dithione coordination chemistry, it is important to 
describe the electronic structure of the dithione ligand. Density functional theory (DFT) 
calculations on the dithione ligands are described below.  
Figure 1.8:  The four highest occupied MOs of the ethene-1,2-dithiolate (edt2-) ligand 
determined by ab initio and DFT calculations.40, 41 Reprinted with permission from 
reference 41, copyright 1985, American Chemical Society. 
 13 
 
1.3.2. Dithione 
Our DFT calculation at the B3LYP level, using 6-311G basis set, on the two 
dithione ligands (Me2Dt
0 and iPr2Dt
0) used in this study shows frontier orbitals that are 
rich in sulfur character (Figure 1.9). These frontier orbitals ) are well separated 
from the rest of the orbitals. Based on Hoffman’s butadienoid model,44 the first two 
orbitals represented by wave functions, 1 and 2, are the occupied C=S -orbitals that 
are involved in metal coordination, with corresponding * orbitals 5 and 6 lying higher 
in energy. The two other occupied orbitals 3 and 4 represents lone pairS-nonboding 
orbitals. The highest occupied molecular orbitals are almost entirely from the 
contribution from the S -orbitals that are perpendicular to the C-S bond. The lowest 
unoccupied orbital (LUMO), 5 is the redox orbital, that is mainly involved in the 
reduction of the ligand. 
The electronic structure of the dithione is strikingly reminiscent of a well known 
organic molecule, butadiene. Interestingly, both dithione and butadiene are a 4e- system, 
and both can coordinate metal ions albeit differently. In the case of a dithione, the lone 
pairs on sulfur coordinate to the metal ion whereas in the case of butadiene the -electron 
on the diene bind the metal. This difference in orbital binding confers different 
directional properties. In the case of dithione, the chelate can be planar whereas in the 
case of butadiene it has to be tilted to make effective overlap with the symmetry allowed 
metal orbitals such that the metal ion is no longer in the place of four carbon atoms.  
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Figure 1.9: Frontier orbitals of Me2Dt
0 (left) and iPr2Dt
0 (right) obtained from DFT 
calculations at B3LYP level of theory. 
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Depending on the oxidation state of the metal, the ligand can donate its -electrons to the 
metal or the metal donates back its electrons to the ligand. The electronic structure is 
further described below 
1.4. Nature of dithione in relation to the Diels-Alder reaction  
Two ethylene molecules are connected serially to form a butadiene molecule. The 
molecular orbital diagram for the π-molecular orbitals of butadiene is expressed as a 
combination of π-molecular orbitals of the two ethylene molecules. The overall energy of 
the two bonding butadiene molecular orbitals is lower than that of the two molecular 
orbitals for ethylene.  
 
However, the HOMO for butadiene is higher in energy with respect to the HOMO for 
ethylene but the LUMO for butadiene is also lower in energy than the LUMO for 
ethylene.   
Figure 1.10: Frontier (-orbitals) of 1.3-butadiene (left) and dienophile (right).45 
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In addition to the metal binding properties of dithione and butadiene, their 
reactivity with other organic molecules, namely dithiolene or diene are similar. Butadiene 
and dithione molecules can also undergo a [4+2], Diels-Alder type of reaction with 
alkenes and dithiolene respectively, where the butadiene or dithione act as diene and the 
ethylene or dithiolene act as a dienophile, respectively. Butadiene is described as a four 
electron system, while the diene (ethylene) as two -electron system (Figure 1.10).  
Dithione and butadiene are both 4e- systems and are expected to carry out 
similar type of reactions, but in reality they react differently. In case of butadiene, it acts 
as the electron rich nucleophile (diene) and the ethylene as the electron poor electrophile 
(dienophile). The symmetry properties of the -orbitals permit stabilizing interactions 
between C-1 and C-4 of the diene and the dienophile. Usually the strongest interaction is 
between the highest occupied molecular orbitals (HOMO) of the diene and the lowest 
unoccupied molecular orbital of the dienophile, with the diene donating its bonding 
electrons to the LUMO of the dienophile. The mode of reaction of the dithione and 
dithiolene or dienophile is in reverse of butadiene. 
The dithione moiety can carry out Diels-Alder type of reactions, in which the 
dithione act as a diene and the dithiolene as a dienophile, as illustrated by the reaction 
below (equation 1). A concerted reaction involving a dithione with different types of 
dienophile have also been investigated.46 Unlike the Diels-alder reaction involving 
butadiene, the energy level of the LUMO * of the dithione is lower than the HOMO of 
dithiolene or dienophile, indicating a reverse electron demand, hetero Diels-alder type of 
reaction.47 
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In this case, the dienophile donates its -electrons to the diene. Dithiones have therefore 
been described as -electron donors. 
1.5 Metal Coordination 
1.5.1 General properties  
Dithiolene metal complexes containing 1,2-dithiolene ligands appeared first in 
literature in 1936 as analytical reagents.48 Since then, they have been extensively studied 
due to their rich properties geared to applications in areas of magnetism and conduction, 
nonlinear optics, sensors, dyes and catalysis.49, 50,51,50, 52  They have been studied for 
possible use in the separation and purification of olefins.53 They have also been of much 
interest since the realization that all pterin-containing Mo- and W-enzymes contain at 
least one dithiolene unit that is conserved in all their genera.54-56,2, 7, 57, 58 Their diverse 
applications and role in metalloenzymes is due to their functional, specific geometries, 
intermolecular interactions, and distinctive redox properties. Model complexes of 
dithiolenes and transition metals have been developed, and their properties elucidated and 
correlated to mimic the relevant metal centers that are involved in metalloenzymes such 
as molybdoenzymes. To emulate the dithiolene core, all the ligands used are mainly a 
modification of the ene-dithiolene unit, C2S2 (S-C=C-S), which is common to all 
dithiolene ligands. 
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The two extremes of dithiolene (dithiolate and dithione) have been studied 
separately as different classes of molecules. There are a number of dithione molecules in 
literature, but not all have been incorporated into metal complexes.  In this study, we are 
interested in metal complexes with fully unsaturated ligands (dithione). Dithione 
complexes can be grouped into three categories; mono(dithione), containing one dithione 
ligand and other ligands, which includes dithiolate or thiolates; bis(dithione) ligands, 
which encompasses complexes with two dithione coordinated ligands, mainly cationic 
complexes with anionic counter ions or anionic complexes as counter ions; and lastly 
tris(dithione) complexes. 
 A CSD database search on May 12th 2014 on structurally known dithione 
complexes returned 37 hits for mono(dithione) complexes, 23 bis(dithione) complexes 
and no tris(dithione) complexes. A same search on SciFinder returned 54 hits 
mono(dithione) complexes and 13 hits for a bis(dithione) complexes search. Some of the 
mono(dithione) hits turned out to be dithiolene complexes. Comparative search on 
dithiolene unit (SCCS moiety), returned more than 1000 hits and majority were those 
with reduced form of the dithiolene or delocalized systems. Dithione complexes are 
therefore relatively rare molecules. 
1.5.2 Mode of metal coordination by dithiolene ligands 
The electronic structure of dithiolene complexes has been elucidated by 
theoretical studies (DFT), together with experimental studies involving X-ray absorption 
spectroscopy (XAS) at the sulfur K-edge, resonance Raman (rR), electron paramagnetic 
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resonance (EPR), absorption, and magnetic circular dichroism (MCD) spectroscopies, 
providing detailed information about the metal center.  
Due to their noninnocent nature, description of the coordination nature of 
dithiolene ligands is complicated. A thorough analysis of the spectroscopic and structural 
properties of dithiolene complexes is therefore necessary in determining their electronic 
structures. Understanding the metal-dithiolene bonding can provide insight into structure- 
function relationships of these units in metalloenzymes and in materials. Dithiolene-metal 
coordination often times involves high lying dithiolene molecular orbitals and 
comparatively low lying metal orbitals. In such coordination, the ligand -orbitals 
interact with the metal orbitals of the right symmetry to give orbitals of mixed ligand and 
metal character.59 The electrons are therefore not localized on the ligand but delocalized 
within the five member ring.41 In cases where the electron delocalization is not uniform, 
like is the case in mixed ligand complexes, one of the ligand dominates the HOMO, 
while the other dominates the LUMO of the electronic structure of the complexes. 
A simplified molecular orbital picture of [M(L)2]
z complexes, where L = 
dithiolene ligand, M = Ni, Pd, Pt, Co, and Cu and z = 1-, and where M = Au, z = 0, is 
summarized in Figure 1.11. In this representation, the  au and b1u orbitals are localized on 
the ligand, the 2b2g, 2b3g, and the 1b1g orbitals are delocalized over the metal and ligand. 
Oxidation of such complexes, can be either ligand- or metal-centered, depending on the 
extent of delocalization in the redox-active 2b2g orbital, which is an antibonding 
combination of the ligand b2g and the metal dxz orbitals.
60  
The electronic effects on the frontier orbitals of various substituents at the 
dithiolene core have also been quantified.43, 61 In general, C2S2 -donor substituents raise 
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the energy of the HOMO and the LUMO, whose gap is lowered by a lowered interaction 
of the ligands orbitals with the low lying metal orbitals.   
 
 In mixed ligand complexes, where one ligand is coordinated as a neutral dithione 
and the other a dithiolato dianion, a redistribution of the -electrons toward one of the 
limiting localized forms, A or B occurs (Scheme 1). In this case the pull ligand 
(dithiolato) gives a prevailing contribution to the HOMO, and the push one (dithione) to 
the LUMO. Interligand absorption (HOMO-LUMO) with metal orbital mixing character 
has been observed in such systems. By utilizing this behavior, the mixed ligand 
complexes have been investigated as potential second order nonlinear optical materials 
by Deplano et. al.62-64 
 
Figure 1.11: Simplified MO Scheme for the [MII(L)(L.)]1- (M =Ni, Pd and 
[AuIII(L)(L.)] complexes having a spin doublet ground state.60 Reprinted with 
permission from reference 60, copyright 2007, John Wiley and Sons. 
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They have developed a series of complexes of the type [M(Dithiolene)(Dithione)], 
mainly with the d8  metal centers (Ni2+, Pt2+ and Pd2+). 49  In these square planar 
complexes, the two ligand forms can be tuned to have different electron 
withdrawing/donating capability that induce redistribution of the -electrons, to achieve 
desired properties geared to enhanced NLO application features.49 Mixed ligand 
complexes consisting of a single dithione, together with other non-dithiolene ligands have 
been developed for different applications.  
1.5.3. Mode of metal coordination by dithione ligands 
The electronic structure of dithione complexes has also been determined and 
much like dithiolene complexes, the ligand and metal orbitals mix to form delocalized 
molecular orbitals. A DFT calculation using B3LYP functionals with 6-31+G(d)-SDD 
basis set shows the HOMO in [Pt(Me2Dt
0)2]
2+ and [Pt(Et2dazdt)2]
2+ (where Et2dazdt = 
N,N’-diethyl-perhydrodiazepine-2,3-dithione) comprised of out-of-plane antisymmetric 
combination of the metal d-orbitals and a sulfur centered ligand -orbital, with a minor 
contribution from nitrogen. From the analysis of the HOMO, it was found to contain 35% 
metal and 65% ligand. The pictorial representation of the molecular orbitals is shown 
above (Figure 1.12).65 
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Figure 1.12: Spatial plots of the frontier molecular orbitals of [Pt(Me2Dt
0)2]
2+(left) and 
[Pt(Et2dazdt)2]
2+ (right) in the gas-phase (B3LYP/6-31+G(d)-SDD).65 Reprinted with 
permission from reference 65, copyright 2013, Royal Society of Chemistry. 
 
The LUMO of these bis(dithione) complexes however, can be described as 
antisymmetric ligand based C2S2 orbital with C-C, C-S* and C-N* character and its 
localized over the two ligands. When one dithione ligand is involved as in 
mono(dithione) complexes, there is electron delocalization within one ligand.  
The dithiooxamides coordinates through the two sulfur donors as shown Figure 
1.3B , as opposed to S, N coordination, Figure 1.3A, yielding square planar complexes of 
D2h symmetry, with the halide coordinated to the complex through hydrogen bonding.
27, 
32 
 23 
 
 
Electronic spectra of  Ni, Pd and Pt complexes based on the D2h symmetry that result 
from a bidentate sulfur chelation of the metal to each ligand showed low energy 
transitions between 400-600nm. The spectra are similar to those of M(mnt)2
2- (mnt = 
maleonitrile dithiolate) complexes and in both cases the bands have been assigned to 
M(d) to L(*) charge transfer transitions.66, 67 
1.6 Mono (dithione) complexes 
 A number of complexes with dithione ligands have been reported e.g., complexes 
of Ni2+, Pd2+, Pt2+, Au2+ and Hg+.32, 68, 69 Early reports of mono(dithione) complexes 
include, but are not limited to metal carbonyl complexes: M(R2dto)X2, (M = Ni, Pd, Pt, 
R2dto = dithiooxamide family; X = halide),
70 Re(CO)3(R2dto)X (R = Et., Bz.; X = Br and 
Cl, dto = dithiooxamide),16 and Mo(CO)4-n(PR3)ndto (n= 0, 1, 2; L = dithiooxamide),
71 
and [Fe(S2C2(SMe)2)].
14  
X-ray crystal structures of complexes with cyclic dithione ligands (N,N’-
dimethylpiperazine-2,3-dithione, R2Dt
0; R = Me, Bz), showed the coordinated thioamide 
with a mean C-S bond length of 1.66 Å and C-N bond of 1.326 Å, an indication that that 
the ligand stays neutral when coordinated, as in Zn(Bn2Dt
0)Cl2,
69 and in 
[ReBr(CO)3(Me2Dt
0)].16 The dihedral angle between the two thioamide moieties for these 
Figure 1.13: Coordination modes of dithiooxamide (M = Pd, Cu and Zn). 
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complexes is depended on the R-group. For example, in Me2Dt
0 ligand, the presence of 
the ring system imposes a cis-conformation, with dihedral angle of 35.4°. The electronic 
spectra of these complexes show two intense absorption bands with molar absorptivity () 
of ~ 4 x 103 M-1cm-1, with a lower energy band of ~530 nm (Figure 1.14).  
 
Figure 1.14. Electronic absorption spectra at 293 K in chloroform of 
Re(CO)3(Cycldto)Br (-), Re(CO)3,(Bz12dto)Br (- - -), and Re-(CO)3,(Et4dto)Br (…).
16 
Reprinted with permission from reference 16, copyright 1989, America Chemical 
Society. 
 
They also exhibit large solvatochromism in chloroform and acetonitrile. The lower 
energy band has been assigned to a metal to ligand charge transfer (MLCT) character. In 
most of these complexes, the dithione acts as a relatively strong donor ligand, with a low 
lying -acceptor level of the metal. Recently, tetracarbonyl complexes of tungsten with 
one dithiolene ligand have been synthesized. These complexes have unique structural 
properties. They exhibit different geometry depending on the oxidation state of the 
ligand.72 For instance, both [W)(CO)4(Me2Dt
0] and W(mdt)(CO)4 have dithiolene ligands 
(mdt = 1,2-dimethyl-1,2-dithiolate) but different geometries, octahedral and trigonal 
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prismatic (TP), respectively. Structural data for these complexes suggest a W0 oxidation 
state for the former complex and W2+ for the latter complex.  
DFT studies on W(mdt)(CO)4, showed that the HOMO of these complexes is 
composed of metal ligand -bonding orbitals and that the LUMO is the antibonding 
counterpart of the HOMO. Compound W(mdt)(CO)4, adopts a trigonal pyramidal 
geometry (TP) because of symmetry allowed mixing of the W-dithiolene orbitals over the 
octahedral geometry. In case of dithione coordination to W, octahedral geometry is 
preferred instead of the TP because in TP geometry of the W-dithione overlap is 
minimal due to low sulfur content. Also, the ligand -orbitals are at higher energy 
compared the metal d-orbitals due to conjugation of the N-C-S (thioamide) unit. 
Several years ago, our group has reported a mono(dithione) complex, 
Mo(CO)4(Me2Dt
0), which from spectroscopic studies and DFT calculations, was 
established to be zero valent.73 The coordination of the single ligand to the metal was 
proposed to be through the interaction of the out-of-plane orbitals of sulfur atoms and 
metal-centered orbitals. In molybdenum complexes with a (dxy)
n ground state, the HOMO 
will result from the interaction of the in-plane molecular orbital of the ligand and the dxy 
atomic orbital of the molybdenum atom. Calculated HOMO of Mo(CO)4(Me2Dt
0) 
predominantly consists of a molybdenum dxy atomic orbital, which shows antibonding 
interaction of pseudo-bonds with the in-plane orbitals of sulfur atoms as well as d-
interactions with the equatorial carbonyl groups of the ligands (Figure 1.15).  The 
HOMO-1 and HOMO-2 predominantly consist of molybdenum dxz and dyz atomic 
orbitals with significant contributions from carbonyl orbitals. 
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These three nearly degenerate orbitals are energetically well-separated from the 
other doubly occupied orbitals. The HOMO and the two lower nearly degenerate orbitals 
are dominated by molybdenum atomic orbitals, which is consistent with a 4d6 electronic 
configuration of the metal ion. It exhibits a low energy electronic band at 650 nm. In 
different solvent it also shows a negative solvatochromism shift. To explain this behavior, 
Time dependent density functional theory (DDFT)-PCM calculations were carried out, 
which indicated the band 650nm was due to a transition from the dxz orbital to LUMO 
(major contributor), while transitions form dxy and dyz to LUMO had minor contributions. 
The low energy band was therefore assigned to a MLCT band. 
A number of mono(dithione) complexes have been isolated as products of 
investigations into the use of dithione ligands as sensors for heavy metals or chelating 
agents for environmental remediation. Dithione ligands coordinate to dihalogen to form 
Figure 1.15: Selected MOs and energy diagram of [Mo(CO)4(Me2Dt
0).73 Reprinted 
with permission from reference 73, copyright 2006, America Chemical Society. 
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dihalogen/dithione adducts, which depending on the dithione or dihalogen, can dissolve 
select metals quantitatively and in a short time under mild conditions (Figure 1.16).74, 75 
 
 
 
The adducts react by interaction of a -donor with a high energy HOMO and a dihalogen 
which acts as an acceptor, though its low lying LUMO(*). Dithione-Iodine adducts 
(D.I2) of the type D-I-I and D-I
+--I- have been isolated and characterized by Raman 
spectroscopy. The dithione used in Figure 1.16 is suitable for dissolving Pd, Au and Pt 
metals. These adducts can be tuned to coordinate heavy toxic metals such as cadmium 
and mercury, potentially providing a remediative strategy to remove these heavy metals, 
present in electronic devices.76-78 The research group of Deplano et. al has studied 
coordination of the dithione/dihalogen to mercury and cadmium and has led to the 
isolation and characterization of Hg and Cd as mono(dithione) complexes 
[CdI(Me2Dt
0)2]I3 and [HgI2(Me2Dt
0)]. These elements were isolated by reacting the 
respective dithione/dihalogen adduct and elemental cadmium (powder) and mercury 
(liquid), respectively.79 
Figure 1.16: Reactivity of dithione/halogen complexes with metals. 
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1.7  Bis(dithione) complexes 
Among the first structurally-characterized bis(dithione) complexes, are the 
[Cu(R2dto)2][ClO4]2 and [Pd(R2dto)2]Cl2 (where R = N, N’- dibenzyldithio-oxamide and 
N, N’-dicyclodithiooxamide respectively) complexes, together with their substituted 
ligand derivatives of dithiooxamide (here abbreviated as R2dto).
32 A number of them 
have been characterized by X-ray crystallography and representative summary of 
characteristic bond distances exhibited by these complexes are shown in Table 1.3.  
Complex d(M-S) d(C=S) d(C-C) d(C-N)  (S-M-S) 
[Pd(R2dto)2]Cl2 2.300 
2.291 
1.738(4) 
1.683(4) 
1.497(6) 1.318(6) 90.00(5) 
[Cu(R2dto)2][ ClO4-] 2.281(4) 
2.297(3) 
1.67(1) 
1.66(1) 
1.50(2) 
1.50(2) 
1.32(1) 
 
91.2(1) 
 
From the bond lengths, the dithione ligands are still in their oxidized form upon 
coordination, with the C=S bond distances between 1.66-1.74 Å, which is within the 
range of known and structurally characterized dithione complexes.64, 65, 72  The four S-M-
S angles are close to 90° for these complexes, implying a square planar geometry for 
complexes Pd(R2dto)2Cl2 and [Cu(R2dto)2][ClO4
-]. A C-C bond distance of 1.50 Å also 
indicates that the molecules (in solid state) do not exhibit electron delocalization along 
the S-C-C fragment or between the two dithiooxamide units.  
These early dithiooxamides have also been characterized by NMR spectroscopy. 
The 13C NMR spectra of [M(R2dto)2]X2 and [M(R’2dto)2]X2 (where M = Pt, Pd or Ni; R2-
dto = N,N’-diisobutyldithiooxamide (H2dibudto), or R’2dto = N,N’-
dimethyldithiooxamide (H2dmdto) have been recorded in both solid state and in solvents 
Table 1.3: Selected bond length (Å) and bite angle (°) of dithiooxamides. 
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(Table 1.4). The 13C NMR downfield chemical shift of  186-190 ppm is  also 
characteristic of the C=S moiety.32 
Chemical shift in ppm 
    (CDCl3) CH3 CH2 CH C=S 
In CDCl3:     
[Pd(R2dto)2] 20.69 56.97 26.63 186.98 
[Pt (R2dto)2]Cl2 20.75 56.64 26.57 186.74 
[Ni(R2dto)2]Cl2 20.69 57.76 26.88 187.77 
In solid state:     
[Pd(R2dto)2]Cl2 21.11 58.3 26.6 189.6 
 23.0   186.9 
[Pd (R’2dto)2]Cl2 36.9   190.7 
 35.0   187.2 
R = N, N’-di-isobutyl (H2dibu), R’ = N, N’-dimethyl(H2dmdto)  
 
The EPR behaviors of Cu(II) complexes (Table 1.5) have been investigated at 
room temperature and liquid nitrogen temperature at X-band EPR technique.  From the g 
values (g > ge (2.0023)), a predominant dx
2
-y
2 ground state was reported.32 Compound 
[Cu(H2dto)2][ClO4]2, exhibits a  spectra with g// > g+> ge , implying tetragonal geometry. 
However since the molecular structure of this complex was not discussed, it is possible to 
have the molecule in the square planar geometry with the ClO4
- occupying the tetragonal 
position. No transition in the Ms = 2 region of the spectra was found for the powdered 
sample, indicating that all the compounds were monomeric in nature. The g|| values are 
indicative of strongly covalent environments due to sulfur coordination to the Cu(II) ion. 
 
 
 
Table 1.4: The 13C NMR spectra in saturated CDCl3 solution and in solid 
state of some of the [M(R2dto)2]X2 complexes.
32 
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Compound g1 g|| g2 g+ g3 giso 
[Cu(H2dto)Cl2]      2.080 
[Cu(H2dto)Br2]      2.058 
[Cu(H2dto)2][ClO4]2  2.094  2.027   
[Cu(R2dto)2[ClO4]2      2.030 
[Cu(R2dto)Cl2] 2.102  2.075  2.032  
[Cu(R2dto)Br2] 2.100  2.070  2.030  
R= N, N’-dibenzyl(H2dbz); H2dto = dithiooxamide  
From the characterization of these dithione molecules, the ligands are coordinated in their 
neutral oxidized form. 
In recent years, bis(dithione) complexes continue to attract more attention due to 
their applications in molecular material field.6, 58, 80-83 Synthesis of homoleptic 
bis(dithione) complexes is straight forward mainly from metal salts and corresponding 
ligands. A number of complexes of the type [M(R2Dt
0)2][BF4]4 (M = Pt, Ni, Pd and R = 
Me, iPr) have been isolated which includes [Pt(Me2Dt
0)2][BF4]2, [Pd(Me2Dt
0)2][BF4]2, 
[Pt(Et2Dt
0)2][BF4]2, and [Pt(
iPr2Dt
0)2][BF4]2, with the metal center of d
8 configuration. 
These molecules are mainly used as precursors in the synthesis of desired dithione 
complexes, with unusual properties targeted for material development. Examples of such 
application include the synthesis of bimetallic complexes, [M(R2Dt
0)2][M(mnt)2] from 
[M(Me2Dt
0)2](BF4)2 , in which the BF4
-
  is replaced by anionic bis(dithiolene) complex of 
the same metal, usually in the ratio of 1:1. These complexes exhibit low energy 
transitions between 450-700nm. Representative electronic spectra are shown in Figure 
1.17.  The cyclic voltammograms of these complexes exhibit both ligand and metal 
centered redox as the since the ligands are also redox active. 
Table 1.5: Representative ESR data for N,N’-disubstituted dithio-
oxamide CuII complexes.32 
 31 
 
 
 
Cyclic voltammogram of bis(dithione) complexes exhibit characteristic four reversible 
redox couples (Figure 1.18), that has been known to be ligand based redox couples.  
In [Ni(Me2Dt
0)2]
2+ complex for example, the redox process of the complex exhibit 
that the molecule is able to shuttle reversibly and in the sequence 2+/+/0/-/2- as shown in 
Table 1.6,81, 84 which is characteristic of these type of complexes. The fact that the 
different processes occur at essentially the same potential values, independently from the 
metal, suggests that the electron transfers are mainly ligand based. The electronic 
structure of bis(dithione) complexes has been elucidated and is shown in Figure 1.12 
above. The composition of the LUMO is mainly ligand based and therefore the four 
reduction couples are mainly ligand based as the molecular orbital is primarily composed 
of the ligand.  
 
Figure 1.17: Electronic spectra of [M(Me2Dt
0)2][BF4]2 salts in MeCN solution.
6 
Reprinted with permission from reference 6, copyright 2002, America Chemical 
Society. 
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M E012+/+ E01+/0 E010/- E01-/2- 
Ni -0.16 -0.41 -0.96 -1.26 
Pd -0.18 -0.42 -0.87 -1.13 
Pt -0.15 -0.41 -0.92 -1.21 
 
Substitution of one of the ligands in the bis(dithione) complexes, with another 
dithiolene ligand of different oxidation state, changes both the structural and electronic 
properties of these complexes. These differences have been utilized in applications 
involving material sciences. Most of the bis(dithione) complexes have therefore been 
synthesized as starting materials for the synthesis of mixed ligand (dithione/dithiolene) 
complexes which are actively being explored for various applications that includes non 
linear optics (NLO).49, 57, 61-63, 85 This molecules have extensively been reviewed and are 
not discussed here.49 
Figure 1.18: Molecular structure of the [Ni(Me2Dt
0)2]
2+ cation which shows a 
crystallographic D2 symmetry. Selected bond distances (Å) and angles (°): Ni–S 
2.159(2), S–C(1) 1.688(8), C(1)–C(1A) 1.477(12); S–Ni–S’’92.08(8),S–Ni–S’’’ 
87.99(8), S–Ni–S’’’ 177.21(8).80, 81 Reprinted with permission from reference 80, 
copyright 2001, America Chemical Society. 
Table 1.6: Formal electrode potentials (V vs Ag/AgCl) for the redox 
processes exhibited by complexes [M(Me2Dt
0)2]
2+ in MeCN solution. 
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Our research group has been actively involved in investigating the nature of the 
dithione ligand in a bis(dithione) complex with molybdenum as the metal center, using 
the N,N’-dialkylpiperazine-2,3-dithione ligand (iPr2Dt0) and Me2Dt0 ligand. The nature of 
the piperazine–dithiolene ligand in this complex, [MoO(iPr2Dt0)2Cl][PF6] synthesized in 
our laboratory, was probed by resonance Raman spectroscopy. The ligand was found to 
have a considerable dizwitterionic character (Figure1.19) nearly 33%. 
 
 The electrons are delocalized along the dithiooxamide units of the dithione 
ligand. The electronic structure consists of mainly of HOMO and HOMO-1 molecular 
orbitals that are mainly of metal character, and LUMO and LUMO +1 which are of 
ligand character. The molecule exhibit a low energy transition, which from detailed DFT 
calculations has been assigned to the MLCT transition.   
As shown in Figure 1.20, two bands, 1 and 2 were identified as the MLCT 
transitions of HOMO to LUMO and HOMO to LUMO+1 as can be confirmed by the 
electron density difference map (EDDM), which shows the acceptor character 
delocalized over the N2C2S2 atoms of both dithione ligands in the complex 
Figure 1.19: Two contributing resonance structures for the R2Dt
0
 that lead to N2C2C2 π-
delocalization: dithione(right), dizwitterionic dithiol (left). 
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Figure 1.20: Gaussian resolved electronic absorption spectrum of [MoClO(iPr2Dt
0)2[PF6] 
in Me3CN. Inset: Electron density difference map (EDDM) that shows in detail the nature 
of the low-energy MLCT transition (band 1) in 1(red: electron-density loss in transition; 
green: electron-density gain in transition).86 Reprinted with permission from reference 85, 
copyright 2007, John Wiley and Sons. 
 
 Complexes involving charge transfer molecules of the type cation/anion pair, 
have also been extensively investigated by Kisch’s group.87  In this systems, redox active 
and light sensitive ion pair complexes of the type [A]2+[ML2]
2- (where  A2+ = organic 
acceptor, [ML2]
2- = planar dithiolene metalate) were studied for their application in 
charge transfer reactions involving dioxygen.88-91 Likewise, cation/anion pair complexes 
have been designed involving a bis(dithione) as a cation and a bis(dithiolene) as anion, 
forming complexes of the type [M(R2Dt
0)2][M(mnt)2] (M = Pd and Pt; R2Dt
0 = N,N’-
dialkylpiperazine-2,3-dithione, R = Me or Et). These complexes show similar features to 
the [A2+][ML2]
2- type of complexes.6 These Kisch’s salts exhibit charge transfer 
transitions assigned to →*. A similar behavior that is seen in the cation/dianion 
(dithione/dithiolene) charge transfer where the LUMO of the dithione complex are* 
ligands (Figure 1.11) and the HOMO of the dianion is dominated by the ligand orbitals 
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and at lower energy.92 The charge transfer in this systems are also  → * transitions 
involving [M(dithiolene)]2+ → [M(dithione)]2+. Using different set of ligands, complexes 
[Pt(Me2Dt
0)2][Pt(dtcroc)2] (dtcroc = 4,5-disulfanylcyclopenten-4-ene-1,2,3-trionate) have 
also been explored. They show features that are similar to those exhibited by charge 
transfer salts described by the Kisch’s type of complexes.58  Molecular structure of 
[M(Me2Dt
0)2][M(mnt)2] complexes of Pd(II) and Pt(II) show that they are isomorphous 
and that the square-planar [Pt(Me2Dt
0)2]
2+ and regular square-planar [Pt(mnt)2]
2- form an 
infinite anion-cation, one-dimensional stack along axis a with a Pt…Pt distance of 3.392 
Å and a Pt-Pt-Pt angle of 180°.65 The environment surrounding each complex in this 
mixture of complexes has been obtained by inspecting the Hirsh surfaces for both the 
cation and anion crystal structures. 65 
1.8 Tris(dithione) Complexes 
There are no tris(dithione) complexes in literature that we are aware of and the 
only a few exist with dithiolene ligands.93-97 These are mainly complexes of early 
transition metals. The notion of redox-noninnocence in the tris(dithiolene) complexes has 
been revisited in recent work by Wieghardt involving new experimental work and 
analysis of the bonding in the molecular and electronic structures of Re(L)3
n and V(L)3
n 
complexes.98, 99 The main feature of these complexes was the assignment of d0 
configuration to the central atom in Cr, Mo and W complexes and the discovery or 
recognition of trigonal prismatic (TP) coordination in tris(dithiolene) complexes as 
opposed to octahedral geometry. The stability of TP coordination was proposed to be due 
to the partial oxidation of the unsaturated 1,2-dithiolate ligands. The coordination 
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geometry of tri(dithiolene) complexes however is not fully understood due to lack of 
probably characterized dithione and dithiolene complexes. Despite the redox non-
innocence of these ligands, well characterized tris(dithione) complexes have not been 
studied independently. 
1.9. Dithiolene vs catechol ligands 
Dithiolenes and catechols belong to a family of noninnocent ligands, that contain 
mainly N, O or S connected to a C=C or C-C unit as a common feature. The backbone as 
discussed early can be either an aromatic or aliphatic group. The aromatic dithiolene 
systems are very similar to catechols where the two oxygen atoms provide metal 
chelation (Figure 1.21).100 In case of catecholates, their anionic and neutral coordination 
can be differentiated by structural parametric properties when coordinated to metals. 
However, it has been shown that it will be inaccurate to identify the monoanionic radicals 
as intermediate bond lengths values of dianionic and quinone forms for the dithiolene 
complexes101, 102 Theoretical studies on thinyl and phenoxyl radicals, indicates that the 
structural changes are only observed in phenoxyl and not thiyl radicals, due to their 
difference in spin density.103 Thorough analysis of the spectroscopic and use of structural 
features can only be used to detect radical coordination.104  
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  There are a lot of challenges in determining the electronic structure of dithiolene 
complexes. For example, a nickel complex, [Ni(S2C2R2)2]
2- that has been well 
characterized, can undergo two reversible one electron oxidation to its neutral form 
[Ni(S2C2R2)2].
106-109 The neutral structure can be described as a resonance hybrid, in 
which the metal is in 0, 2+ and 4+ oxidation states, while the ligand can be considered in 
the dithione or the dithiolate form (Figure 1.22). 
The electronic properties of the dianion are consistent with the indicated MII 
oxidation state, but two or three formulations are possible for monoanion and the neutral 
oxidation state of the metal respectively. As shown the ligand can stabilize different 
metal oxidation state. The electronic structure of these ligands has been studied using 
theoretical estimations. Spectroscopic together with structural characterization is 
therefore essential in determination of the oxidation state of both the metal and ligand in 
these complexes. 
 
Figure 1.21: Catechols and aromatic dithiolenes, showing structural parameters in their 
different oxidation states when coordinated to a metal center.105 
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Dithiolene ligand coordination to metal centers result in unique structural 
features. One such interesting feature exhibited is the dithiolene fold angle. First defined 
by Lauffer and Hoffman, 44 it is the dithiolene fold along the S….S vector as shown 
(Figure 1.23). The  pyranopterin ligand in many Mo/W enzymes for example, has been 
found to exhibit classic metal-dithiolene interactions, with a fold angle ranging from 6.6° 
to 33.1°.110  
A number of studies on dithiolene folding have been carried out using dithiolate 
complexes. 111-114 Large fold angles can occur when the filled, sulfur p-orbitals, fold to form 
stabilizing interactions with the empty, in-plane metal d-orbitals, as recognized by Lauher and 
Hoffman in 1976.44 In their studies involving bent metallocene dithiolate compounds, 
Cp2M(dithiolate) (M = Ti, V, Mo, W and Cp is 5-cyclopentadienyl), they showed that, 
Figure 1.22: The three oxidation levels of a dithiolene ligand and depictions of the 
limiting ligand and metal oxidation levels for planar members of the electron-transfer, 
[M(S2C2R2)2]
0,1-,2- series.109 
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depending on the electron count of the metal center, the dithiolene ligand “fold”, to enable the 
sulfur p  
 
orbital to form a stabilizing interaction with an empty in-plane metal d-orbital. The crystal 
structures of these systems also indicated that the more electron deficient the metal center was, 
the greater the fold angle.44  A CSD search in May 2014 of structurally-characterized complexes 
with dithiolene ligands yielded a number of complexes with fold angles in the range of 0-
80°(Figure 1.24), with majority of them in the range of 0-20°. 
Figure 1.23: The dithiolene fold angle, showing the symmetric metal in-plane d-
orbitals and sulfur orbital interaction causing the dithiolene fold angle. 
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Figure 1.24: Fold angle frequencies of structurally characterized dithiolene complexes. 
Due to lack of dithione complexes, this phenomena has not been fully explored in 
corresponding complexes containing fully oxidized ligands. 
Objectives of this study 
Dithiolene chemistry as stated early has been explored for various reasons. The 
structure and activity of molybdenum enzymes is still an open area of research. An 
unanswered question is as to why for example, the dimethyl sulfoxide reductase family 
has two pyranopterin ligands while others have one. Also, it is not clear as to what the 
oxidation state of the dithiolene unit in the cofactor is in its resting stage and how the 
coordination of the protein side chains affect the electronic structure and reactivity of the 
metal center. The demand for metal-sulfur containing molecules for material science, 
make the metal-sulfur interaction an interesting area of study. However, the chemistry of 
dithione coordination has not been fully explored as in case of dithiolene ligands. 
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Whether the dithione ligands can also stabilize other metal centers with similar 
spectroscopic properties is also an open area of research.  
Here, we first hypothesize that the large covalency in the Mo-S bonds can be 
modulated by the fold angle of the dithiolene/dithione, which then controls the electronic 
structure and the overall reactivity of the molybdenum cofactor. Secondly, we 
hypothesize that the reduced dithiolene form of the cofactor is not an obligatory 
requirement for the reactivity of the molybdenum enzymes. Thirdly, the dithione ligands 
can also stabilize other metal centers with different oxidation states.  
To test our hypotheses we have synthesized and characterized oxo-molybdenum 
complexes with the dithione ligands, together with para-substituted thiophenolate 
((MoO(p-SC6H4X)2R2Dt, R= 
iPr or Me; X = H, Cl, F, CF3, 
tBu and OMe). We have also 
determined the dithione fold angles through X-ray crystallographic studies of some of the 
molecules. We have also attempted to probe the redox properties of these complexes and 
examined the influence of the coordinated component using NMR, IR, UV-Visible 
spectroscopy, X-ray crystallography and cyclic voltammetry. Oxygen atom transfer 
reactivity has also been investigated using two representative oxo-molybdenum 
molecules. To explore the coordination chemistry of dithione ligands, we have also 
synthesized a number of mono, bis and tris dithione complexes with selected first row 
transition metals, mainly Fe, Co, Cu, and Zn complexes.  
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Chapter 2.0. Oxo-molybdenum dithione Complexes: 
Synthesis, Characterization and Reactivity Studies 
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2.1 Abstract 
A series of mononuclear monooxo Mo(IV) complexes, with dithione and para 
substituted benzene dithiolate ligands, MoO(p-SC6H4X)2R2Dt
0 (R = Me, iPr ; X = H, Cl, 
F, CF3, Me, 
tBu, OMe,) were synthesized from either by reacting with MoCl5 with one 
equivalent of N,N-diallyl piperazine-2,3-dithione (iPr2Dt
0 and Me2Dt
0) and two 
equivalents of protonated para substituted benzene dithiolate, or by substitution of one of 
the dithione ligands in [MoOCl(R2Dt
0)2][PF6] (R = Me, 
iPr) complex with protonated 
para substituted benzene dithiol. The molecular structures of the complexes 
MoO(SC6H4X)2R2Dt
0 (R = iPr ; X = H, Cl, CF3,), were determined. The complexes (X= 
Cl, CF3) crystallized in monoclinic crystal system, space group P(2)1/n. However the 
complex with the unsubstituted thiophenol X =H crystallized in rhombohedral crystal 
system, space group R-3. Complexes MoO(SC6H4X)2R2Dt
0 (R = Me ; X = H, Cl, F) on 
the other hand crystallized in the crystal system orthorhombic, space group Pbca for X = 
H and in the triclinic crystal system, space group P-1 for X = Cl or F. Compounds 
MoO(SC6H5)2
iPr2Dt
0 and MoO(SC6H5)2Me2Dt
0, were used to investigate oxygen atom 
transfer (OAT) reactivity from trimethyl amine N-oxide (TMAO), dimethyl sulfoxide 
(DMSO) and nitrate (NO3
-) to the molybdenum complex. These complexes were found to 
reduce TMAO, but not DMSO or NO3-, and in turn oxidized to MoVIO2
2+ products. 
Oxygen atom transfer from the oxidized complex was also investigated with tertiary 
phosphines, PMe3 or PPh3, which were oxidized to corresponding phosphine oxides, 
completing the catalytic cycle. Both reactions were followed by 1H NMR and UV-Vis 
spectroscopy. The phosphine reactions were also monitored by 31P NMR spectroscopy. 
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Unlike the reaction with PPh3, the reaction of the Mo
IV complexes with PMe3 was 
hindered by the coordination of PMe3 to the metal center.  
2.2 Introduction 
The majority of transition metals that are essential for life are found in the first 
row of the periodic table. In the second and third row, molybdenum (Mo) and tungsten 
(W), are the only metals that are utilized in the biological system, where they are 
incorporated into the catalytic sites of metalloenzymes or molybdenum-containing 
enzymes. These enzymes are found in all forms of life, from archaea to humans. To date, 
more than 50 molybdenum containing enzymes have been identified, and they are 
involved in the global cycling of carbon, sulfur and nitrogen.54, 55, 115, 116 In humans, they 
are involved in reactions, without which could lead to serious health problems and even 
death. For instance, the abnormal xanthine oxidase activity results in gouts, and also 
sulfite oxidase deficiency may lead to fatal neurological disorders.54-56, 117 The enzyme is 
crucial in the catalysis of reactions of type (eq 2.1): 
 
Substrate transformation reactions carried out by molybdenum enzymes involve the 
transfer of two electrons accompanied with or without the transfer of oxygen (O), during 
which molybdenum alternates between oxidation states +4 or +6, often with a +5 state as 
an intermediate. 
The molecular structures of molybdenum-containing enzymes have been 
elucidated, providing a starting point for detailed understanding of the structure-function 
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relationships of these enzymes. With an exception of multinuclear iron and molybdenum 
containing nitrogenase, the active site of molybdenum enzymes, contain one metal center 
(mononuclear). Based on their protein sequences and the structure of their oxidized active 
sites, these enzymes have been grouped into three main families, namely the xanthine 
oxidase (XO), sulfite oxidase (SO) and dimethyl sulfoxide (DMSO) families (Figure 
2.1)54, 55, 118, 119  In addition to the metal center, a pterin unit is coordinated to the metal 
via a dithiolate side chain.   
The xanthine oxidase family have a LMoVIOS(OH) structure with one ene-
dithiolate ligand (L), an apical ligand Mo=O and two sulfurs on the equatorial plane from 
the ene-dithiolate side chain of the pyranopterin cofactor, a catalytically labile Mo-OH 
and Mo=S group, together forming a square-pyramidal geometry. 
 
 
 
Figure 2.1: Classification of molybdenum containing enzymes and the pyranopterin 
ligand.55, 119 
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Members of the sulfite oxidase family have a square-pyramidal active site, 
LMoVIO2(S-Cys), with an apical M=O and a bidentate ene-dithiolate ligand (L) in the 
equatorial plane and a second Mo=O and M=S completing the first coordination sphere. 
The DMSO reductase family has two pyranopterin ligands, L2Mo
VIY(X), with trigonal 
prismatic coordination geometry. It has a catalytically labile Mo=O (Y) and serinate 
ligand (X). In place of serine, other family members have cysteine, selenocysteine, -OH 
or aspartate. Some members of this family have S or Se in place of Mo=O group. In 
eukaryotes, the cofactor or pyranopterin, the R group is a phosphate while in prokaryotes, 
it is a dinucleatide of cytosine, adenosine, guanine or inosine.54  
The dithiolene chelate, which is mainly one or two ene-1,2-dithiolate ligation, is a 
common structural feature for all the molybdenum containing enzymes, except 
nitrogenase, and has been conserved from protein to protein. As discussed in Chapter 1, 
this ligand can exist in different redox states (Figure 1.1), with the two extremes being 
the fully reduced dithiolene (Dt2-) to fully oxidized dithione (Dt0) form, making these 
ligands electronically flexible in coordination or redox noninnocent ligands as defined.2, 
100, 120, 121 The noninnocent behavior of these ligands is of great significance in biological 
systems since they can stabilize multiple redox states of the metal, allowing the metal 
center to shuttle through different oxidation states during catalysis.122-124 In the majority 
of the cases, the substrate transformation carried out by the pterin-containing Mo/W 
enzymes is a 2e- process, and during catalysis the metal center shuttles through the +4 
and +6 ‘formal’ oxidation states. However, since the ligands are themselves redox non-
innocent and can carry out two electron redox processes, the question remains whether 
the metal ion is exclusively shuttling in different defined oxidation states during substrate 
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turnover or if the ligands are also involved in the redox process. If the ligands are 
involved in the reactions, the fully reduced dithiolene ligand can take the form of one 
electron oxidized radical form to two electron oxidized dithione form.  
Crystal structures of many of these enzymes have been determined in the last 
decade informing their overall structure, however, the oxidation state of the ligands 
cannot be defined from the metric parameters of these structures, since they are not of 
high resolution. To understand the oxidation state of these ligands, researchers have 
relied on discrete inorganic compounds, which mimic the catalytic site of these 
enzymes.5, 99, 125, 126 It is now known that the oxidized ligands can stabilize higher valent 
metal ions in the same way as the reduced dithiolene ligand.86, 127 The different oxidation 
states of the ligand are electronically different with different charge and -donor/acceptor 
ability and thus expected to support different chemistry. The X-ray structure of DMSO 
reductase for example, shows the two pterin ligands unsymmetrical, suggesting different 
oxidation states of the ligands.128 Despite these findings, most model complexes used to 
study these enzymes are synthesized from fully reduced ligands; therefore there are no 
spectroscopic signatures involving fully oxidized (dithione) ligands. The model 
complexes that have been used in the study of molybdenum containing enzymes, have 
utilized fully reduced dithiolene ligands as the ones shown in Chart 2.1.   
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Although these enzymes are known to carry out one type of reactions, it is not 
clear why some of them (e.g. DMSO reductase) have more than one pyranopterin ligand. 
While dithiolene coordination is not an obligatory requirement for nitrate reduction by 
oxo-molybdenum complexes,129 it has been suggested that thiolate coordination is critical 
for such reactivity.130-132 For example, in studies involving metal complexes, 
[MoIV(mnt)2(X)]
- (mnt2- = 1,2-dicyanoethylenedithiolate), it has been concluded that they 
can reduce nitrate to nitrite when X=SPh, but not when X=Cl.131, 132  
      The coordination chemistry and function of molybdenum enzymes has been 
explored and numerous synthetic analogues have been developed to be able to understand 
the Mo-S coordination, influence of the protein folding and the importance of H-
bonding.44, 112, 133-135 The pyranopterin ligand forms an M-S-C-C-S ring system that is 
buried inside the protein. It exhibits folding along the S….S vector (Figure 1.23), that has 
generally been associated with the electron transfer reactions of the metal center of these 
enzymes’ catalytic processes. 
Figure 2.2: Selected dithione ligands. 
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The oxygen atom transfer (OAT) chemistry is being investigated by many groups 
using Mo dithiolene model complexes.56, 124, 136-142 Using fully oxidized dithiolene 
ligands, the model complexes mimic certain units of the molybdenum cofactor, especially 
the MoIVO and MoIVO2 core.
56, 123, 138, 142, 143  With an exception of a few that have been 
developed by our group, there are no known, well characterized model complexes that 
have been utilized in the study of OAT. From our studies, it was found that bis(dithione) 
monooxomolybdenum complexes were able to carry out oxygen atom transfer, reducing 
DMSO, TMAO and NO3
-
, while they were simultaneously oxidized to molybdenum 
dioxo products. In this study, we continue our investigation on mononuclear molybdenum 
(mono(dithione)) complexes (Chart 2.2) to further understand the underlying structural 
properties and reactivity of dithione coordination to molybdenum as stated in Chapter 1.  
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2.3. Experimental  
2.3.1 Materials 
All molybdenum complexes discussed in this chapter were synthesized in the dry 
box under argon atmosphere using dry, degassed solvents or using standard Schlenk 
system under nitrogen. Para substituted benzene thiol ligands (p-SC6H4X, X = H, Cl, F, 
CF3, Me, 
tBu and OMe) were purchased from sigma Aldrich and used without further 
purification. The dithione ligands; N,N-diisopropyl piperazine-2,3-dithione (iPr2Dt
0), 1a 
and N,N-dimethyl piperazine-2,3-dithione (Me2Dt
0), 1b and compounds 
[MoOCl(iPr2Dt
0)2][PF6] (2a) and [MoOCl(Me2Dt)2][PF6], 2b were synthesized in air 
according to literature procedures.144, 145  Trimethylamine N-oxide, tertiary phosphines, 
Lawesson’s reagent, MoCl5 and MoO2Cl2 were purchased from VWR international and 
used without any purification. All solvents used were also purchased from Aldrich, Fisher 
Scientific or VWR International, and purified as follows: acetonitrile, diethyl ether, 
methylene chloride, hexane, and tetrahydrofuran (THF) were purified using Innovative 
Technology solvent purification system. They were transferred anaerobically from the 
instrument and further degassed by three cycles of freeze-pump-thaw before being 
transferred to the glove box under nitrogen or used in the Schlenk system. 
2.3.2 Spectroscopic and spectrometric measurements 
UV-Visible spectra of all the molybdenum complexes were recorded on a Cary 
300 spectrophotometer (200-900nm). 1H, 31P, and 13C NMR data were collected using 
either a Bruker 500 or 400 MHz spectrometer. IR spectra were recorded on a Thermo 
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Electron 53 corporation Nicolet 380 spectrometer in neat. Elemental analyses were 
performed by an outside vendor, Midwest Microlab LLC, Indiana, IL. 
2.3.3. Electrochemistry 
Cyclic voltammograms were recorded using a Bioanalytical Systems (BAS) model CV-
50W electrochemical analyzer. A three electrode cell system was employed with a Pt-
disk working electrode, Pt-wire auxiliary electrode and Ag/AgNO3 reference electrode in 
MeCN. Tetrabutylammonium hexaflourophosphate was used as the supporting 
electrolyte. In all experiments, potentials were referenced versus Fc+/Fc, which was 
added as an internal standard at the end of each measurement. 
2.3.4. X-Ray structure determination. 
 X-ray quality crystals were coated with paratone oil and attached to nylon micro mount 
loops or mesh. They were then mounted into a Bruker SMART Apex II diffractometer, 
and data was collected at room temperature or under a stream of liquid nitrogen. A 
graphite monochromator was used with Mo K radiation ( = 0.71073 Å). The absorption 
correction was performed using SADABS routine.146  The structure solution and the 
refinement were done using SHELXS-97 and SHEXLX-97 programs.146  The 
crystallographic data of the compounds are listed in Table 2.1 and 2.2. All non-hydrogen 
atoms were refined anisotropically and hydrogen atoms placed at calculated positions and 
refined as riding atoms with isotropic displacement parameters. Thermal ellipsoid 
diagrams were drawn using CrystalMaker version 2.7.5 for windows. 
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Table 2.1: Crystallographic Data for Structures 2.1a, 2.1b and 2.1c. 
 2.1a 2.1b 2.1c 
Formula C20H28N2MoOS4 C22H26N2Cl2MoN2OS4 C24H26N2F6MoN2OS4 
FW, g.Mol-1 560.64 741.47 696.65 
Color/shape Purple/ Rhomboids Purple blocks Purple 
Temperature, K 150(2) 296(2) 296(2) 
Crystal system Rhombohedral Monoclinic Monoclinic 
Space group R -3 P2(1)/n P2(1)/n 
Cell constants:    
( Å(°) 36.38(6), 90 14.70(5), 90 16.06(2), 90 
b( Å), (°) 36.38,  90 10.13(3), 95.89(2) 10.33(1), 101.63(1) 
c( Å), (°) 10.06(2),90 21.73(7), 90 17.91(2), 90 
V( Å 3)  3219.90(2) 2909.12(6) 
Z 18 2 4 
mm-1) 0.85 0.61 0.80 
Diffractometer Bruker smart Apex II Bruker smart Apex II Bruker smart Apex II 
(Å) 0.71703 0.71703 0.71703 
Crystal size, mm 0.64 x 0.18 x 0.12 mm 0.26x 0.13 x0.10 0.16x0.14x0.08 
Rint 0.039 0.045 0.054 
Refinement method Full-matrix least-squares 
on F2 
Full-matrix least-
squares on  F2 
Full-matrix least-
squares on F2 
Data/restraints/para
meters 
 
1/238 
 
0/293 
 
0/347 
GOF on F2 1.75 1.00 1.19 
R[F2 > 2σ(F2)]2, 
wR(F2) 
R indices (all data) 
 
R1 = 0.069, 
 wR2 = 0.110 
R1 = 0.0.0635, wR2 = 
0.1086 
W = 1/[2(F02) +  
(0.043P)2 +2.3629P] 
R1 =0.176,  
wR2 =0.520 
R1=, wR2 = 
W = 1/[2(F02) + 
(0.1P)2 + 0.0422P] 
P = (Fo2 +2Fc2)/3 
R1 = 0.0492, 
 wR2 =0.178 
R1 = 0.0743, wR2 = 
W = 1/[2(F02) + 
(0.1P)2] 
P = (Fo2 +2Fc2)/3 
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Table 2.2. Crystallographic Data for Structures 2.2a-2.2c 
 2.2a 2.2b 2.2c 
    
Formula C18H20N2MoOS4 C18H18N2Cl2MoN2O
S4 
C18H18N2F2MoN2OS
4 
FW, g.Mol-1 504.58 573.42 540.52 
Color/shape Purple/rhomboids Purple blocks Purple 
Temperature, K 150 K 296K 296K 
Crystal system Orthorhombic Triclinic Triclinic 
Space group Pbca P-1 P-1 
Cell constants     
a( Å), (°) 10.31(1), 90 9.73(8), 113.27(5) 9.66(1), 67.03(1) 
b( Å), (°) 19.27(2), 90 10.30(9), 91.99(6) 10.41(1), 89.58(1) 
c( Å), (°) 21.55(2),90 12.55(9), 96.15(6) 11.90(2), 83.04(1) 
V( Å3)  1144.53(17) 1092.51(2) 
Z 8 2 2 
dcalcd(g.cm-3) 1.565 1.18 1.643 
( mm-1) 1.013 1.18 1.01 
Diffractometer Bruker smart Apex 
II 
Bruker smart Apex 
II 
Bruker smart Apex 
II 
(Å) 0.71703 0.71703 0.71703 
Crystal size, mm 0.40 x 0.38 x 0.24  0.08 x 0.07 x0.001 0.27x0.14x0.03 
q  range (°) 1.89 to 31.46 1.8 to 29.2 1.9 to 27.7 
Range of h, k, l 15,28,31 13, 14, 17 12, 13, 15 
Reflections collected/unique 52208 / 7093 6114/4490 5093/4023 
Rint 0.043 0.00 0.00 
Refinement method Full-matrix least- 
squares on F2 
Full-matrix least- 
squares on  F2 
Full-matrix least- 
squares on F2 
Data/restraints/parameters 1/238 3/509 0/255 
GOF on F2 1.071 1.00 0.99 
R[F2 > 2σ(F2)], wR(F2) 
 
R indices (all data) 
  
R1 = 0.0405, wR2 = 
0.0909 
R1 = 0.0745, wR2 = 
0.1086 
W = 1/[2(F02) + 
(0.043P)2 +2.3629P] 
R1 = 0.042, wR2 = 
0.156 
R1 = 0.0700, wR2 = 
0.156 
W = 1/[2(F02) + 
(0.1P)2 + 0.0422P] 
P = (Fo2 +2Fc2)/3 
R1 = 0.038, wR2 = 
0.143 
R1 = 0.0545, wR2 = 
 0.143 
W = 1/[2(F02) +  
(0.1P)2] 
P = (Fo2 +2Fc2)/3 
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2.3.5 Preparation of Compounds 
Synthesis of MoO(SC6H5)2iPr2Dt0 (2.1a)   
The syntheses of 2.1a and 2.2a were carried out using two methods, as outline 
below. Although, the first method gave good yields, the second method easily yielded 
crystalline products for both products and some of the complexes synthesized herein. 
Method 1 
Into a dry Schlenk flask, 180mg of MoCl5 (0.66mmol) was dissolved in 10mL of 
methanol and stirred for 30 minutes until cession of HCl (g). Into the green solution was 
then added, a solution of the ligand (iPr2Dt
0 , 150mg, 0.66mmol) in 5mL of chloroform. 
The green solution turned dark in color. Into this solution was added an equimolar 
solution of benzene thiol (140mg, 1.5mmol) and triethylamine (130mg, 1.5mmol) in 2mL 
of chloroform. The reaction mixture turned purple almost instantaneously on addition of 
the thiophenolate mixture. After stirring the mixture for another 30 minutes, the solvent 
was removed by vacuum. The residue was then redisolved in chloroform, filtered, and the 
filtrate was dried by vacuum to obtain the final product. Yield: 0.21g (58% ) 
Method 2  
In the second method, an acetonitrile solution (60 mL) of 0.2g (0.26 mmol) of 
[MoOCl(iPr2Dt
0)2][PF6], was prepared and into it was added two equivalents of an 
equimolar solution of benzenethiol and triethylamine in 3 mL MeCN. The resulting 
solution turned from blue solution purple almost instantly. After one hour, the solution 
was dried in vacuum and the crude product redisolved in a minimum amount of 
chloroform and filtered to remove unreacted starting material. The filtrate was layered 
with ether and kept in the cold (4 °C) overnight. X-ray quality single crystals were 
 55 
 
filtered and the volume of the filtrate was reduced and layered with ether again to obtain 
additional crop. Yield: 0.056g (37%). Elemental analysis: calcd.(expt.) for 
C22H28N2S4MoO: C, 47.13 (47.06); H, 4.94 (5.03), N, 4.91 (5.00). 
1H NMR (CD3CN):  
= 7.50(2H, d, J = 8Hz); 7.22 (4H, t, J = 8Hz); 7.13 (4H, t, J = 8Hz); 4.69 (2H, m); 3.87 
(2H, m); 3.58(2H, m); 1.26 (6H, d, J = 8Hz); 1.12 (6H, d, J = 8Hz). 13C NMR (CDCl3):  
= 19.02 (CH3), 20.21(CH2), 41.81 (CH), 125.43, 127.66, 134.34 (Ph), 148.05 (C=S). IR 
(neat) cm-1: 1568 (vs, (C=S)-N), 1470 (vs, C=S), 939 (vs, Mo=O). max, nm (, M-1cm-1) 
in MeCN: 540 (7,065), 344 (sh, 9,828), 300 (sh, 13,400), 250 (26,100). 
Synthesis of MoO(p-SC6H4Cl)2(iPr2Dt0) (2.1b) 
This compound was synthesized, following the second method above, starting 
from 2a by dissolving 250mg (0.33mmol) of 2a in 50mL of MeCN. Into the blue 
solution, two equivalents of an equimolar solution of 4-chlorothiophenol (100mg, 
0.66mmol) and triethylamine (67mg, 0.66mmol) in 3 mL MeCN were added. The blue 
solution turned purple almost immediately, after which the reaction mixture was stirred 
for 30 minutes, reduced in volume, and layered with dry diethyl ether and kept in the cold 
(4°C) overnight. The resulting precipitate was filtered and the residue dried to obtain the 
final product. Yield: 0.127 g ( 61%). 1H NMR in CD2Cl2 (δ, ppm): 7.49 (4H, d, J = 8); 
7.18 (4H, d, J = 8 Hz); 4.77(2H, m); 3.79 (2H, m); 3.54 (6H, m); 1.3(6H, m, J =8Hz); 
1.12(6H, d, J = 4Hz).  IR (Neat) cm-1: 1469(vs, (C=S)-N), 1345 (vs, C=S), 950 (vs, 
Mo=O).  max (, M-1cm-1) in MeCN: 539 (6,193), 421(sh, 3,590), 339 (sh, 9,907), 
269(13,920). 
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Synthesis of MoO(p-SC6H5F)2(iPr2Dt0) (2.1c) 
Compound 2.1c, was also synthesized by reacting a 50 mL solution of 2a (103mg, 
0.136mmol) with two equivalents of an equimolar solution of  4-flurothiophenol (40mg, 
0.312mmol) and triethylamine (30mg, 0.29mmol) in 3 mL MeCN. The reaction mixture 
was left to stir for 30 minutes, after which all the solvent was removed by vacuum to 
obtain a gummy product, which was washed with dry methanol (3x1mL) and dried by 
vacuum. The product was redisolved in MeCN, layered with ether and kept in the cold (-
4 °C) overnight. The next day, the product was filtered, to obtain shiny purple crystals as 
the final product. Yield: 0.060g (73%). Elemental analysis: Calcd. (Expt.) for 
C22H26F2MoN2OS4: C, 44.29(44.41); H, 4.39(4.41); N, 4.70(4.70). 
1H NMR in CD2Cl2 
(δ, ppm): 7.51 (4H, t, J = 8Hz); 6.92 (4H, t, J = 8 Hz); 4.75(2H, m); 3.77 (2H, m); 3.52 
(6H, m); 1.29(6H, d, J =4Hz); 1.11(6H, d, J =8Hz). IR (Neat) cm-1: 1481(vs, (C=S)-N), 
1345 (vs, C=S), 945(vs, Mo=O). max (, M-1cm-1) in MeCN: 539 (2,965), 429(sh, 998), 
338 (sh, 5,639), 253(15,217). 
Synthesis of MoO(p-SC6H5CF3)2(iPr2Dt0) (2.1d) 
Compound 2.1d, was synthesized in the same way as 2.1c above, substituting the 
4-flurothiophenol ligand with 4-(trifluoromethyl)thiophenol. Yield: 30mg (53%). 
Elemental analysis: Calcd.(Expt.) for C24H26F6S4N2MoO: C, 41.38(43.10); H, 3.76(5.06); 
N, 4.02(5.05). 1H NMR in CD2Cl2 (δ, ppm): 7.70 (4H, d, J = 8Hz); 7.46(4H, d, J = 8 Hz); 
4.73(2H, m); 3.80 (2H, m); 3.56 (6H, m); 1.29(6H, d, J = 8Hz); 1.11(6H, d, J =8Hz). IR 
(Neat) cm-1: 1488(vs, (C=S)-N), 1317 (vs, C=S), 946(vs, Mo=O).  
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Synthesis of MoO(p-SC6H4Me)2(iPr2Dt0) (2.1e) 
Compound 2.1e, was synthesized by reacting compound 2a (100mg, 0.132mmol), 
with a mixture of 4-methylbenzene thiol (32mg, 0.260mmol) and triethylamine (30mg, 
0.260mmol) in 50mL MeCN. The reaction mixture turned purple instantly and was left to 
stir for two hours, after which the solvent was reduced in volume and layered with ether. 
The reaction mixture was then kept at 4°C overnight. A precipitate was formed which 
was filtered and dried by vacuum to obtain a black residue as the final product. Yield: 
0.038g (53%). Elemental analysis:  Calcd. (Found) for C24H32MoON2S4: C, 48.96(39.82); 
H, 5.48(5.49); N, 4.76(5.08). 1H NMR in CD2Cl2 (δ, ppm): 40 (4H, d, J = 8Hz); 7.03 (4H, 
d, J = 8 Hz); 4.74(2H, m); 3.75 (2H, m); 3.48 (6H, m); 2.34 (6H, s,); 1.27(6H, d, J = 
8Hz); 1.11(6H, d, J =8Hz). IR (Neat) cm-1: 1479(vs, (C=S)-N), 1344 (vs, C=S), 948(vs, 
Mo=O). 
Synthesis of MoO(p-SC6H4 tBu)2(iPr2Dt0) (2.1f) 
Compound 2.1f, was synthesized by reacting 2a (570mg, 0.760mmol) in 50mL 
MeCN with a mixture of an equimolar solution of tertbutylbenzenethiol (0.253mg, 
1.5mmol) and triethylamine (0.154mg, 1.5mmol) in 2mL MeCN. The reaction mixture 
was left to stir for two hours, after which the solvent was reduced in volume, layered with 
ether, and placed in the cold (4°C) overnight. A solid residue was isolated by filtration 
and dried by vacuum to obtain the final product. Yield: 0.20g (0.297mmol, 39%). 
Elemental analysis Calcd.(Expt.) for C30H44MoN2OS4:  C, 53.41(53.41); H, 6.59(6.59); 
N, 4.16(4.40).  1H NMR in CD2Cl2 (δ, ppm): 7.46(4H, d, J = 8Hz); 7.24 (4H, t, J = 8 Hz); 
4.67(2H, m); 3.72 (2H, m); 3.47 (2H, m); 1.32 (18H, s); 1.23(6H, d, J =4Hz); 1.08 (6H, d, 
J =8Hz). IR (Neat) cm-1: 1482(vs, (C=S)-N), 1344 (vs, C=S), 936(vs, Mo=O). 
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Synthesis of MoO(p-SC6H4OMe)2(iPr2Dt0) (2.1g) 
Compound 2.1g was synthesized by dissolving 150mg of 2a in 50mL of MeCN 
and into the solution with two equivalents of an equimolar solution of 4-
methoxybenzenethiol (60mg, 0.4mmol) and triethylamine (40mg, 0.40mg). The reaction 
mixture was then left to stir for one hour, after which solvent was removed by vacuum. 
The residue was redisolved in chloroform layered with hexane, and kept in the cold 
overnight. A dark precipitate was filtered and residue collected to obtain the desired 
product. Yield: 0.058g (0.093mmol, 47%). Elemental analysis: Calcd(Expt.) for 
C24H32MoN2O3S4: C, 46.44(46.06); H, 4.51(4.41); N, 5.20(5.10). 
1H NMR in CD2Cl2 (δ, 
ppm): 7.44 (4H, d, J = 12Hz); 6.62 (4H, d, J = 8 Hz); 4.75(2H, m); 3.76 (2H, m); 3.79 
(6H, s); 3.48 (2H, m); 1.27(6H, d, J = 8Hz); 1.11(6H, d, J = 4Hz). IR (Neat) cm-1: 
1479(vs, (C=S)-N), 1344 (vs, C=S), 931(vs, Mo=O). 
Synthesis of MoO(SC6H5)2Me2Dt0 (2.2a)  
Compound 2.2a was also synthesized following two routes as in 2.1a above. 
Similar compounds with the same ligand were synthesized following the second method. 
 Method 1 
Into a 100mL dry Schlenk flask, 240mg (0.878 mmol) of MoCl5 was dissolved 50 
mL of methanol and left to stir until all the white fumes HCl gas evolved. The methanol 
solution turned green, into which was added one equivalent of a solution of Me2Dt
0 
ligand (150mg, 0.87mmol) in 10 mL of  MeCN and the reaction mixture was stirred for 
another 10 minutes before adding two equivalents of an equimolar solution of benzene 
thiol (194mg, 1.74mmol) and triethylamine (180mg, 1.74mmol) in 3 mL of MeCN. After 
another 30 minutes, all solvent was removed and gummy product redisolved in MeCN, 
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layered with ether and kept in the cold (4°C) overnight. Two crops of shiny purple 
crystals were isolated by filtration to obtain final product. Yield: 0.160 g (0.322 mmol, 
37%). 
Method 2 
To 50 mL MeCN solution of 150 mg (0.234mmol) of [MoOCl(Me2Dt
0)2][PF6] 
(2b), two equivalents of an equimolar solution of benzenethiol and triethylamine in 
MeCN solution were added, instantly turning the blue reaction mixture to a purple color. 
After 20 minutes of stirring, the purple solution was dried by vacuum and the crude 
product dissolved in a minimum amount of acetonitrile, layered with ether and kept in the 
cold (4oC) overnight. The first crop of purple crystals was filtered, and the filtrate 
reduced in volume, layered with ether to obtain another crop of crystals of the final 
product. Yield: 0.065g (55%). Elemental analysis: Calcd.(Expt.) for C18H20N2S4MoO: C, 
42.85(42.68); H, 4.00(3.91), N, 5.55(5.51). 1H NMR in CD3CN (δ, ppm): 7.65 (1H, d, 
J=10 Hz); 7.24 (4H, t, J = 10 Hz); 7.13 (4H, t, J = 10 Hz), 3.97 (2H, m); 3.72 (2H, m); 
3.42 (6H, s). 13C NMR (CD3CN):  = 181.5 (C=S), 134.32, 127.54, 125.71 (Ph), 49.03 
(CH3), 44.34 (CH2). IR (neat, cm
-1): 1506 (vs, C-N), 1348 (vs, C=S), 944 (vs, Mo=O).  
max, nm (, M-1cm-1) in MeCN: 560 (2,900), 430 (sh, 1,800), 340 (sh, 6,400), 290 (sh, 
8,700), 240 (sh, 17,400), 210 (14,300). 
Synthesis of MoO(p-SC6H4Cl)2(Me2Dt0) (2.2b) 
Compound 2.2b was synthesized from 2b by first dissolving 150mg (0.234mmol) 
of 2b in 50mL of acetonitrile. Into the blue solution two equivalents of an equimolar 
solution of 4-chlorothiophenol (68mg, 0.468mmol) and triethylamine (51mg, 
0.468mmol) in 3 mL acetonitrile was added. The reaction mixture was stirred for 30 
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minutes, after which it was reduced in volume and layered with dry diethyl ether and kept 
in the cold overnight. The resulting precipitate was filtered and residue dried to obtain the 
final product. Yield: 0.075g (56%). Elemental analysis: Calcd.(Expt.) for 
C18H18Cl2MoN2OS4: C, 37.70(37.15); H, 3.16(3.14); N, 4.89(4.71). 
1H NMR in CD2Cl2 
(δ, ppm): 7.48 (4H, d, J=10); 7.20 (4H, d, J = 10 Hz); 3.99 (2H, m); 3.77 (2H, m); 3.50 
(6H, s). IR (Neat) cm-1: 1513(vs, (C=S)-N), 1351 (vs, C=S), 950(vs, Mo=O).  
Synthesis of MoO(p-SC6H4F)2(Me2Dt0) (2.2c) 
Into a dry Schlenk flask, compound 2b (100mg, 0.156 mmol) was dissolved in 50 
mL of acetonitrile and stirred for 30 minutes before adding two equivalents of an 
equimolar solution of  4-flurothiophenol (40mg, 0.312mmol) and triethylamine (30mg, 
0.29mmol) in 3 mL acetonitrile. The reaction mixture was left to stir for 30 minutes, after 
which all the solvent was removed by vacuum. The gummy residue was washed with 
methanol (3x1mL) and dried by vacuum. The product was redisolved in acetonitrile, 
layered with ether and kept in the cold (4°C) overnight. The next day, the product was 
filtered, to obtain dark powder with shiny crystals as final product. Yield: 0.011g (13%). 
Elemental analysis: Calcd.(Expt.): C, 44.29(38.51); H, 4.39(4.16); N, 4.70(9.22). IR 
(Neat) cm-1: 1503(vs, (C=S)-N), 1336 (vs, C=S), 956(vs, Mo=O). 1H NMR in CD2Cl2 (δ, 
ppm): 7.49 (4H, d, J=10); 7.22 (4H, d, J = 10 Hz); 4.01 (2H, m); 3.79 (2H, m); 3.51(6H, 
s).max (, M-1cm-1) in MeCN: 539 (2,965), 429(sh, 998), 338 (sh, 5,639), 253(15,217). 
Synthesis of MoO(p-SC6H4CF3)2(Me2Dt0) (2.2d) 
Compound 2.2d was synthesized by reacting a 50 mL solution of 2b (110mg, 
0.172mmol) with two equivalents of an equimolar solution of  4-
(trifluoromethyl)thiophenol (61mg, 0.343mmol) and triethylamine (35mg, 0.343mmol) in 
 61 
 
3 mL acetonitrile. The reaction mixture was left to stir for 30 minutes, after which the 
solvent was reduced in volume, layered with ether, and kept in the cold (4°C) overnight. 
The resulting precipitate was filtered to obtain a dark powder as final product. Yield: 
0.045g (0.07mmol, 41%). Elemental analysis: Calcd.(Expt.) for C20H18F6MoN2OS4: C, 
37.50(23.30); H, 2.83(2.08); N, 4.37(2.49). 1H NMR in CD2Cl2 (δ, ppm): 7.48 (4H, d, 
J=10); 7.69 (4H, d, J = 10 Hz); 4.02 (2H, m); 3.80 (2H, m); 3.51 (6H, s). IR (neat) cm-1: 
1514 (vs, (C=S)-N), 1324 (vs, C=S), 953 (vs, Mo=O). 
Synthesis of MoO(p-SC6H4Me)2(Me2Dt0) (2.2e) 
Compound 2b (150mg, 0.234mmol) was dissolved in 50mL acetonitrile and 
stirred for 30 minutes. A solution of 4-methylbenzene thiol (58mg, 0.468mmol) and 
triethylamine (51mg, 0.468mmol) in 2mL acetonitrile was added, and the reaction 
mixture continued to stir for two hours, after which the solvent was reduced in volume 
and layered with ether. The reaction mixture was then placed in the cold overnight. A 
precipitate was formed which was filtered to obtain a dark residue, which was dried by 
vacuum to obtain the final product. Yield: 0.045g (0.084mmol, 36 %). Elemental 
analysis: Calcd.(Expt.) for C20H24MoN2OS4: C, 45.10(33.74); H, 4.54(5.04); N, 
5.26(6.54). IR (Neat) cm-1: 1516(vs, (C=S)-N), 1352 (vs, C=S), 948(vs, Mo=O). 1H NMR 
(CD3CN):  = 7.47(d, 4H); 7.03(d, 4H); 3.97(m, CH2, 2H); 3.70 (m, CH2, 2H); 3.42(m, 
CH3 6H). 
Synthesis of MoO(p-SC6H4tBu)2(Me2Dt0) (2.2f) 
Compound 2.2f, was synthesized by reacting 2b (150mg, 0.234mmol) in 50mL 
acetonitrile with a solution of an equimolar solution of tertbutylbenzenethiol (0.78mg, 
0.468mmol) and triethylamine (51mg, 0.468mmol) in 2mL acetonitrile. The reaction 
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mixture continued to stir for two hours, after which the solvent was reduced in volume 
and layered with ether, placed in the cold (-4°C) overnight. The product was isolated by 
filtration and dried by vacuum to obtain the final product. Yield: 0.064g (0.104mmol, 
44%). Elemental analysis: Calcd.(Expt.) for C26H36MoN2OS4: C, 50.63(39.42); H, 
5.88(5.57); N, 4.54(6.19). 1H NMR in CD2Cl2 (δ, ppm): 7.45 (4H, d, J=10); 7.26 (4H, d, J 
= 10 Hz); 3.94 (2H, m); 3.70 (2H, m); 3.42 (6H, s); 1.32(9H, s). IR (neat) cm-1: 1518 (vs, 
(C=S)-N), 1351 (vs, C=S), 948 (vs, Mo=O). 
Synthesis of MoO(p-SC6H4OMe)2(Me2Dt0) (2.2g) 
This compound was synthesized in the same way as 2.1a above, substituting 
iPr2Dt
0 ligand with Me2Dt
0, and the two thiophenolate with two para-substituted 
methoxychlorobenzene thiol ligands. Yield: 65%. Elemental analysis: Calcd.(Expt.) for 
C20H24MoN2O3S4: C, 42.54(37.86); H, 4.28(4.28); N, 4.96(5.75). 
1H NMR in CD2Cl2 (δ, 
ppm): 7.40 (4H, d, J=5 Hz); 7.04 (4H, d, J = 5 Hz); 3.95 (2H, m); 3.71 (2H, m); 2.34 (6H, 
s). IR (neat) cm-1: 1513 (vs, (C=S)-N), 1351 (vs, C=S), 951 (vs, Mo=O).  
Synthesis of MoO2(SC6H5)2iPr2Dt0 (2.3a) 
To a solution of MoO(SC6H5)2
iPr2Dt
0 in 50mL acetonitrile, a solution of trimethyl 
amine N-oxide (TMAO) in acetonitrile was added while stirring. The purple solution 
turned brown, then orange. After one hour, the solvent was removed by vacuum and the 
brown solid dissolved in chloroform and filtered to remove unreacted TMAO and washed 
with chloroform and dried by vacuum to obtain final product. Yield: 59%. Elemental 
analysis: Calcd.(Expt.) for  C22H28N2S4MoO2: C, 45.82(52.08); H, 4.89(6.34); N, 
4.86(8.57), 1H NMR (CD3CN): = 7.54(d, Ph), 7.36(t, Ph), 7.15(t, Ph) ; 5.38 (m, 
CH(2H)); 3.49(s, CH2(4H)); 1.27(d, CH3(12H)); 
13C NMR (CD3CN, room temperature): 
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CH3), 41.55 (CH), 53.45 (CH2), (127.46, 129.06, 136.98) Benzene ring, 
187.70(C=S); IR (Neat) cm-1: 1580 (vs, (C=S)-N), 1466 (vs, C=S) 804 (Mo=O, symm. 
Str.), 845 (Mo=O, ant. symm. str.). max (, M-1cm-1) in MeCN: 510(sh, 382), 420(sh, 
1,200), 310(1,700), 230(22,100). 
Synthesis of MoO2(SC6H5)2Me2Dt0 (2.4a) 
Compound 2.4a was also synthesized as in 2.3a above. Yield: 34%. Elemental 
analysis: Calcd (Expt.) for  C18H20N2S4MoO2: C, 41.53(52.84); H, 3.87(5.20); N, 
5.38(7.09), 1H NMR (CD3CN, 
1H NMR (CD3CN):  7.52(d, Ph 2H), 7.34 (t, Ph(4H)), 
7.27(t, Ph(4H)); 3.48 (s, 6H, CH3); 3.68(s, 4H,CH2), 
13C NMR (CD3CN, room 
temperature): 48.91 (CH3), 44.25 (CH2), (127.63, 129.41, 136.53) Benzene ring, 
186.11(C=S); IR (Neat) cm-1: 1573 (vs, (C=S)-N), 1471 (vs, C=S), 894 (Mo=O, symm. 
Str.), 841(Mo=O, ant. symm. str.). max (, M-1cm-1) in MeCN: 501(sh, 140), 430(sh, 
700), 310(5,800), 270(sh, 2,700), 230(5,700). 
2.4 Results and Discussion 
2.4.1 Synthesis and characterization of molybdenum complexes 
All the complexes studied here are outlined in chart 2.2 with their numbering 
scheme. The ligands used in this study, N,N’-diisopropyl piperazine-2,3-dithione 
(iPr2Dt
0), 1a and N,N’-dimethyl piperazine-2,3-dithione (Me2Dt0), 1b together with 
corresponding complexes 2a and 2b, were synthesized in air using previously described 
procedures.86, 127  
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The complexes were generally prepared by dithione ligand substitution of 2a and 
2b by reacting them with two equivalents of an equimolar solution of corresponding p-
substituted benzene thiol and trimethyl amine and were obtained in reasonable to good 
yields of 36 to 65%. Compounds 2.1a and 2.2a were also synthesized directly from 
MoCl5 in which a solution of MoCl5 in methanol was reacted first with one equivalent of 
the corresponding dithione ligand, and then into it was added two equivalents of an 
equimolar solution of benzenethiol and trimethylamine (1:1). Compounds 2.1a and 2.2a 
were obtained by this method in yields of 58 and 55%, respectively. All compounds were 
obtained as dark solids that turn purple in solution. They are stable in solid state and are 
all well soluble in acetonitrile, THF, DMF, methylene chloride and chloroform. They 
were also slightly soluble in methanol and ethanol. The compounds are stable in dry 
solvents up to three days if kept under dry argon or nitrogen at room temperature, after 
which they decompose into a brown solution. 1H NMR spectra of these solutions show 
peaks due to free dithione ligand, indicating that the ligand dissociates with time. The 
compounds are more stable under low temperature for almost a month.  
Characterization by 1H NMR showed chemical shifts based on the dithione and 
benzene thiolates ligands. The presence of an electron withdrawing or donating group on 
the para position of the benzenethiol ligand shifted the resonance of the phenyl hydrogen 
upfield with respect to the unsubstituted phenyl group. However, there was no trend on 
the impact of electron withdrawing or donating groups because the substituents were 
remote to the metal center. In these compounds, the coordinated ligand, 1a exhibit 
resonances at 1.08-1.16 ppm and ~1.26-1.31, due to the methyl groups, implying that 
they are not equivalent. The methylene groups (CH2) also exhibits two chemical shifts 
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with one appearing around 3.69-3.91 and the other 3.45-3.61 ppm. Due to rapid 
movement of the isopropyl group on the ligand, the CH groups are equivalent on the 
NMR time scale exhibiting a single multiplet at around 4.65 to 4.74 ppm. The IR spectra 
exhibit three characteristic vibrations around 1568(vs, (C=S)-N), 1470(vs, C=S), 940(vs, 
Mo=O), indicating that in all the complexes, the ligands are still in the same oxidation 
state as the free ligand (Dt0). 
We attempted to isolate compounds 2.3a and 2.4a from the oxidation reaction of 
2.1a and 2.2a respectively with trimethyl amine N-oxide (TMAO). Characterization of 
these complexes by IR indicates the presence of dioxo stretches at 804 and 845 cm-1 for 
compound 2.3a, 894 and 841 cm-1, for compound 2.4a.  We have not been able to 
ascertain the purity of these complexes by elemental analysis. 1H NMR and 13C NMR 
spectroscopy also indicates that these products are different from the ligand and the 
starting complexes 2.1a and 2.2a. The two compounds seem to be very unstable in 
solution and could be forming a dimer that we are unable to isolate and characterize at 
this point. 
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2.4.2 Electronic Spectra 
The electronic spectra of 2.1a-2.1g and 2.2a-2.2g are presented in Figure 2.3 and 
2.4 below. The absorption spectra have a similar profile, with intense higher energy 
transitions around 200 to 400 nm and low energy transition at ~500-580nm. Compounds 
based on iPr2Dt
0, 2a exhibit a low energy transition at ~539- 543nm, while those based on 
the Me2Dt
0, 2b ligand shows a slight shift of 21 nm to a broad lower band at ~560nm.  
There was no change on the electronic spectra of the complexes with different 
substituents on para position of the phenyl groups. The low energy band is broad, 
implying multiple transitions. Similar results where a remote substituent on the ligands 
does not perturb the metal center have been observed in molybdenum dithiolene 
complexes.134 
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The low energy band can be assigned to a metal to ligand charge transfer. 
However, due to mixing of the ligand and metal orbitals, the molar absorptivity is high 
compared to normal d-d transition.147, 148 Since these compounds have the same color and 
seem to have the same energy transition, it is not surprising that they all exhibit similar 
transitions.  
 
 
400 600 800
0
5000
10000
15000
20000
25000
30000
35000
40000
,
 M
-1
c
m
-1

max
 = 539 nm 
nm
2.1a
2.1b
2.1c
2.1d
2.1e
2.1f
2.1g
Figure 2.3:  Room temperature electronic spectra of 2.1- 2.1g. 
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2.4.3 Electrochemistry 
The electrochemical properties of these complexes were investigated by cyclic 
voltammetry. A representative voltammogram is shown in Figure 2.5. Redox potentials 
are tabulated in Table 2.1. The rest of the cyclic voltammogram are shown in B1 and B2 
of the appendices. All complexes exhibit two reversible reduction couples, with half 
wave potential of the first couple ~ -700 to -1150mV and the second couple at -1100 to -
1600mV. We have attributed the reduction couples to be ligand based, in which the two 
couples are observed due to the reduction of the oxidized dithiolene ligand (dithione).  
 
 
Figure 2.4: Room temperature electronic spectra of 2.2a-2.2g. 
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Figure 2.5: Cyclic voltammograms of representative complexes, 2.1a in MeCN 
solution, using [N(tBu)4]PF6 as supporting electrolyte, platinum working electrode, 
platinum wire as auxiliary electrode at 23 °C and scan rate of 100 mV s-1. Potentials 
referenced vs Fc+/Fc couple. 
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The reduction of the oxidized dithione ligand could be stipulated to take place as 
shown in scheme 2 below. From the reduction potential, the addition of the first electron 
is easier (less negative potential). However, the reduction potential becomes more 
negative on addition of the second electron, due to electron repulsion, as shown in Table 
2.3 with low negative values for the first redox couple compared to that of the second 
redox couple. 
Scheme 2 
These complexes exhibited irreversible oxidation behavior, probably due to the instability 
of the Mo(IV) complexes when oxidized to the Mo(V) species. In general, complexes 
containing the Me2Dt
0 ligands showed low redox couple compared to the complexes with 
the iPr2Dt
0 ligand. The difference in redox couple implies that former complexes (2.2a-
2.2f) are prone to reduction compared to the latter complexes (2.1a-2.1g).  
That could be attributed to the more electron donation from the iPr-group compared to the 
Me-group. 
There is no electrochemical data of mono(dithiolene) molybdenum oxo 
complexes in literature that we are aware of, and a comparison with our dithione 
complexes was not possible. However bis(dithiolene) oxo-molybdenum complexes are 
known and their electrochemical properties have been reported. For instance, oxo-
dianions [MO(dmedt)2]
2-, (M = Mo or W and dmedt = 1,2-dimethyl-1,2-ethenedithiolate), 
undergoes two reversible one-electron oxidation according to the sequence 
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[Mo(dmedt)2]2-/-/0.
149-152 The dithiolene complexes unlike the ones studied here show 
metal based oxidations and although ligand oxidation cannot be ruled out too (Table 2.4). 
MoO(p-SC6H4X)2R2Dt
0 E
1
1/2
Dt(0/-1)  
(Ep
1
 
) mV 
E
2
1/2
 Dt(-1/-2)  
(Ep
2
 
) mV 
R = iPr, X = H,      2.1a -1005(62) -1362(97) 
R = iPr, X = Cl,     2.1b -883(71) -1262(75) 
R = iPr, X = F,       2.1c -781(55) -1154(91) 
R = iPr, X = CF3,   2.1d -813(69) -1217(83) 
R = iPr, X = Me,    2.1e -1148(77) -1480(56) 
R = iPr, X = tBu,    2.1f -801(62) -1141(94) 
R = iPr, X =OMe, 2.1g -1198(66) -1557(122) 
R = Me, X = H,        2.2a -1056 (53) -1364(87) 
R = Me, X = Cl,       2.2b -1034 (68) -1358(89) 
R = Me, X = F,        2.2c -1227(73) -1541(80) 
R = Me, X = CF3 ,   2.2d -1015(57) -1353(67) 
R = Me, X = Me,     2.2e -1068(70) -1352(70) 
R = Me, X = tBu,     2.2f -1103 (110) -1370(45) 
Table 2.3: Redox potentials of the complexes at 25C (in MeCN). 
Table 2.4: Formal electrode potentials (V vs SCE) for the redox sequence 
[Mo(dmedt)]2]2-/-/0 (MeCN solution) and selected interatomic distances (Å) in the 
couple [Mo(dmedt)2]
2-/- .152 
Complex Eo’2-/- Eo’-/0 M-S C-S C=C M-O Cation 
[Mo(dmedt)]- - - 2.37 1.75 1.33 1.68 [NEt4]
+ 
[Mo(dmedt)]2- -0.62 +0.14 2.39 1.78 1.33 1.71 [NEt4]
+ 
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There is no electrochemical data of mono(dithiolene) molybdenum oxo 
complexes in literature that we are aware of, and a comparison with our dithione 
complexes was not possible. However bis(dithiolene) oxo-molybdenum complexes are 
known and their electrochemical properties have been reported.  
The substituents on the para (p) position of the thiophenolate ligand of 
complexes with the iPr2Dt
0 ligand (2.1a-2.1g) or Me2Dt
0 (2.2a-2.2f) exerted no effect on 
the reduction potential of the complexes (Figure 2.6 and 2.7). 
 
The lack of any effect of the substituents on the electrochemical redox processes 
of these complexes could be due to the fact that the redox process takes place at the 
ligand and probably there is no direct impact on the dithione ligand. 
Figure 2.6: The electronic effects of p-substitution (X) on the thiophenolate ligands. 
  the redox potentials (E11/2 and E
2
1/2) of MoO(SC6H4X)2
iPr2Dt
0 complexes (2.1a-2.1g). 
  
 
 
-0.4 0.0 0.4 0.8 1.2
0
100
200
300
400
500
600
E
1
1
/2
(m
V
)
2p
Y = 251( 129)X + 308( 68)
R = 0.31
p=H
p=OMe
P =Me
p=
t
Bu
p =F
P = Cl
p =CF
3
-0.4 0.0 0.4 0.8 1.2
-600
-500
-400
-300
-200
-100
0
E
2
1
/2
 (
m
V
)
2P
Y = 202( x  68)
R = 0.19
p =CF
3
p = Cl
p = F
p = H
p = 
t
Bu
p = OMe
p = Me
 74 
 
2.4.4 X-ray Structure Determination  
Crystals of the complexes were obtained by slow diffusion of ether into 
acetonitrile solution at low temperature. The crystal structures of 2.1a, 2.1b, 2.1d and 
2.2a-2.2c  were determined at 150K or 296K, (Figures 2.8 and 2.9). The crystallographic 
data of these complexes are listed in Tables 2.1 and 2.2 and the geometric data are listed 
in Tables 2.5 – 2.8. Complexes 2.1a and 2.2a, crystallizes in different space from the 
other complexes of the same piperazine ligand (iPr2Dt
0 or Me2Dt
0).  Compound 2.1a for 
example recrystallizes in the rhombohedral crystal system, space group R-3, while the p-
substituted complexes with the same iPr2Dt
0 ligand 2.1b and 2.1d crystallizes in 
monoclinic crystal system, space group P2(1)/n. Complex 2.2a also crystallizes on 
orthorhombic crystal system, space group Pbca, while 2.2b and 2.2c, with the same 
Me2Dt
0 ligand, recrystallizes on the triclinic crystal system, space group P-1. In all these 
crystals, the molybdenum atom is coordinated by the ligands through sulfur atoms, with 
an additional oxo group. The four sulfur atoms and the axial oxo groups, give these 
 Figure 2.7: The electronic effects of p-substitution on the thiophenolate ligands on the 
redox potentials (E11/2 and E
2
1/2) of MoO(SC6H4X)2Me2Dt0 complexes (2.2a – 2.2g). 
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molecules a distorted square pyramidal geometry, with the molybdenum atom raised 
above the S--S--S--S equatorial plane by ~ 0.082Å.  
                                                   
The degree of distortion of a square pyramidal has been estimated by a geometric 
parameter  = ( - )/60 where  is the largest angle at the metal center and  is the 
second largest. This is only applicable to five-co-ordinate structures as an index of the 
degree of trigonality, within the structural continuum between trigonal bipyramidal and 
rectangular pyramidal, as defined by Lauer et al.133  For a perfect trigonal bipyramidal, 
is 180° and is 120°, making  = 1, or 0 for tetragonal geometry. The degree of 
distortion,  from perfect pyramidal geometry ( = 0, for perfect pyramidal) was 
estimated to be 0.0770, 0.1130, 0.0810 for 2.1a, 2.1b, 2.1d, respectively; and 0.1010, 
0.1680 and 0.1790 for 2.2a, 2.2b and 2.2c, respectively. Compounds 2.1a, 2.1b and 2.1b, 
and compounds 2.2a-2.2c, show a trend in the distortion. The distortion is high with more 
electronegative substituent on the benzene ring. This could be attributed to the twisting of 
the piperazine ligand to achieve maximum overlap between the dxy orbital and the sulfur 
-orbital or to be able to donate electrons to the electron deficient metal center as a result 
of the electron withdrawing substituent on the phenyl group.112 
These neutral complexes have a basal plane defined by four sulfur atoms, two 
from the dithione ligand and the other two from the thiophenolate group. Those 
containing the iPr2Dt
0 dithione ligand, have a terminal oxo group occupying the apical 
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position at an average distance of 1.68 Å. The mean C-C bond and C=S bonds are 1.46-
1.47 Å and 1.71-1.73 Å, respectively, which are consistent with those reported early by 
our group, for [MoO(CO)4(
iPr2Dt
0)].153 The C-S bond length from the thiophenolate is 
also around 1.78 Å, which is typical of dithiolene bond in dithiolene complexes.154-157 
The Mo-S bond lengths range between 2.37-2.41 Å, with the ligand bite angle around 
84°. 
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                         2.1a 
 
                          2.1b 
 
 
                                                                   2.1d 
Figure 2.8: Molecular structure of 2.1a, 2.1b and 2.1d, with thermal ellipsoids drawn 
at the 50% level and Hydrogen omitted for clarity. 
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Table 2.5: Selected Bond Distances (Å) for the 
complexes. 
 2.1a 2.1b 2.1d 
Mo1-O1 1.678 (2) 1.681 (7) 1.671 (3) 
Mo1-S1 2.380(8) 2.373(2) 2.371(9) 
Mo1-S2 2.389(8) 2.382(2) 2.376(9) 
Mo1-S4 2.399(9) 2.393(2) 2.400(1) 
Mo1-S3 2.414(8) 2.411(2) 2.406 (9) 
S2-C2 1.714(4) 1.715(8) 1.731 (3) 
S1-C1 1.727(3) 1.732(8) 1.722 (3) 
S3-C11 1.777(3) 1.786(9) 1.763 (4) 
C4-N1 1.468(4) 1.465(1) 1.457(5) 
C1-N1 1.341 (4) 1.344(1) 1.340(4) 
C2-C1 1.474 (4) 1.464(1) 1.464(4) 
C4-C3 1.517 (5) 1.506(1) 1.499(5) 
C5-N1 1.497 (4) 1.497(1) 1.487(4) 
Table 2.6: Selected Bond angles (°) for complexes 2.1a, 2.1b, 2.1d. 
Bond Angles 2.1a 2.1b 2.1d 
O1-Mo1-S1 110.69 (9) 110.3 (2) 111.33 (1) 
O1-Mo1-S2 113.67 (9) 114.1 (3) 113.23 (1) 
S1-Mo1-S2 84.21 (3) 84.64 (8) 84.57 (3) 
O1-Mo1-S4 108.56 (9) 110.4 (3) 109.41 (1) 
S1-Mo1-S4 85.82 (3) 85.22 (8) 86.66 (3) 
S2-Mo1-S4 137.45 (3) 135.16(1) 136.75 (4) 
O1-Mo1-S3 107.06 (9) 107.3 (2) 106.85 (1) 
S1-Mo1-S3 142.07 (3) 141.99 (8) 141.62 (4) 
S2-Mo1-S3 84.17 (3) 85.31 (8) 84.13 (3) 
S4-Mo1-S3 78.83 (3) 76.56 (8) 77.05 (3) 
C2-S2-Mo1 86.24 (9) 88.0 (3) 87.33 (1) 
C1-S1-Mo1 79.74 (9) 81.9 (3) 81.83 (1) 
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                                      2.2a 
  
2.2c 
 
                                                                       2.2b 
 
Figure 2.9: Molecular structure of 2.2a-2.2c, with thermal ellipsoids drawn at the 50% 
level and Hydrogen omitted for clarity. 
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Complexes with the Me2Dt
0 ligands have also similar parametric properties as 
those of iPr2Dt
0 complexes. However, in mononuclear oxo-molybdenum dithiolene 
complexes, the average C-S bond is ~1.78 Å, which is 0.05 Å longer than in the dithione 
complexes.158, 159 The bond distances for these coordinated ligands are similar to the bond 
distances in free ligand, indicating that the dithione character of the ligand is largely 
preserved.  
An interesting feature exhibited by these molecular structures is the large fold 
angle along the S(1)–S(2) vector compared to those displayed by dithiolene complexes, 
reported in the Cambridge crystal structure database (CSD, up to January 2014). 
Compound 2.1a, 2.1b and 2.1d, exhibited fold angles of 79°, 66° and 67° respectively, 
while 2.2a, 2.2b and 2.2c exhibited fold angles of 59°, 47° and 47° respectively, which 
are significantly higher than those reported in known dithiolene complexes.160 The larger 
fold angle could be attributed to a higher molecular orbital overlap between the ligand p-
orbitals orthogonal to the metal d-orbitals with the same orientation and energy. 
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Table 2.7: Selected bond distances (Å) for 
complexes 2.2a-2.2c. 
 2.2a 2.2b 2.2c 
Mo1-O1 1.674(4) 1.696(2) 1.670(3) 
Mo1-S1 2.379(2) 2.363(6) 2.384(1) 
Mo1-S2 2.360(2) 2.381(5) 2.362(1) 
Mo1-S4 2.393(2) 2.414(6) 2.382(1) 
Mo1-S3 2.412(2) 2.382(6) 2.419(1) 
S2-C2 1.703(6) 1.690(2) 1.709(4) 
S1-C1 1.712(6) 1.690(2) 1.714(4) 
S3-C7 1.780(6) 1.800(2) 1.780(4) 
N1—C4 1.441(9) 1.440(3) 1.462(5) 
C1—N1 1.335(7) 1.330(3) 1.324(5) 
C1—C2 1.477(8) 1.510(3) 1.481(5) 
C3—C4 1.396(1) 1.450(3) 1.489(6) 
C5—N1 1.482(8) 1.400(2) 1.456(5) 
  
Table 2.8: Selected bond angles (°) for complexes 2.2a-2.2c. 
Bond angles 2.2a 2.2b 2.2c 
O1-Mo1-S1 110.93(1) 109.20(6) 108.50(1) 
O1-Mo1-S2 112.14(2) 113.30(6) 113.97(1) 
S1-Mo1-S2 84.68(6) 84.55(2) 84.87(3) 
O1-Mo1-S4 110.46(2) 112.20(6) 111.42(1) 
S1-Mo1-S4 84.40(5) 85.10(2) 85.74(4) 
S2-Mo1-S4 136.87(6) 134.30(2) 134.32(5) 
O1-Mo1-S3 105.89(2) 106.10(6) 106.13(1) 
S1-Mo1-S3 142.96(6) 144.4(2) 145.09(4) 
S2-Mo1-S3 85.30(6) 85.80(2) 85.13(4) 
S4-Mo1-S3 77.04(6) 77.40(2) 77.73(4) 
C2-S2-Mo1 89.27(2) 95.30(6) 94.76(1) 
 
2.4.5 Reactivity Study 
 Oxygen atom transfer reactions were investigated for representative compounds, 
2.1a and 2.2a. These two complexes reacted with TMAO but not DMSO or NO3
-. In both 
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experiments, air tight NMR tubes were used and samples were prepared under nitrogen, 
in the dry box. Trimethyl amine N-oxide (TMAO) and tertiary phosphines (PR3, R= Me, 
Ph, PhMe2, and Ph2Me), were used as substrates. The compounds were reacted with 
TMAO and, 1H NMR spectra were recorded to probe the generation of trimethyl amine 
(TMA). The MoIVO complex was oxidized to MoVIO2 species. The expected dioxo 
product was then reacted with PMe3 to regenerate the original complex (Mo
IVO) via an 
oxygen atom transfer to phosphine from the Mo-complex. In the second reaction, 31P 
NMR was recorded to probe the oxygen atom transfer reaction from complex to the 
tertiary phosphine, PR3 by detecting the presence of OPR3. 
2.4.5.1 Reaction with TMAO as substrate 
As stated, the two compounds 2.1a and 2.2a react with TMAO and not with 
DMSO or NO3
-. The reactions were followed by 1H NMR spectroscopy by carefully 
adding a known amount of TMAO to the samples and recording NMR spectra after every 
24 minutes. The NMR spectra were recorded in acetonitrile at different complex to 
TMAO molar ratios. The results of such a reaction with 2.2a are shown Figure 2.10. A 
peak different from that of the original complex was expected at  2.8 ppm, which is due 
to generated trimethyl amine (TMA). 
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The TMA peak appeared on addition of TMAO to 2.2a (1:0.5). At the 
concentration of complex to TMAO (1:1) molar ratio, a new set of peaks also appeared, 
that belonged to a new complex that were different from the free ligand or the initial 
compound. The TMA detected from the TMA peak was found to be less than expected, 
because TMA is volatile and could be escaping as it forms. In the presence of excess 
TMAO (2.2a: TMAO, 1:15 ratio), the peaks from the initial 2.2a complex completely 
disappeared, implying the formation of a new, supposedly MoVIO2 complex, with 
reduction of TMAO to TMA (eq. 2. 2) 
 
Figure 2.10: Reaction of 2.2a with TMAO at different concentrations, recorded in 
MeCN at room temperature. 
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The resulting dioxo complex was reacted with trimethyl phosphine to try to 
regenerate the original complexes. These reactions were also followed by 31P NMR 
spectroscopy to detect the presence of free PMe3 and the generation of OPMe3 from the 
reaction. When the reaction mixture containing 2.2a and TMAO was reacted with PMe3,   
two major peaks were recorded at 36 ppm and -61 ppm that were assigned to the 
oxidized phosphine, OPMe3, and excess PMe3. The formation of OPMe3 demonstrates 
transfer of an oxygen atom to PMe3.  Other minor peaks were recorded at  31.74, -4.39, -
5.08, -8.70 and -11.28 ppm that were less than 0.5% compared to the major peak OPMe3, 
compared to OPMe3 that was 13% in reference to the excess PMe3. The peak at 31.74 
ppm was assigned to coordinated PMe3. We were unable to assign the rest of the minor 
peaks. Likewise, when 2.1a reaction mixture was reacted to PMe3, the two similar peaks 
at  36 and -61ppm were recorded with other minor peaks at  53.13, 31.74, -6.0 and -
11.29 ppm, that were all around 1%  compared to the major OPMe3 peak which was 43% 
compare to the excess PMe3 peak.  
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2.4.5.2 Reaction of MoO2(SPh)2R2Dt0 with tertiary Phosphines 
A TMAO reaction with 2.1a and 2.2a, was scaled up in order to isolate the 
corresponding MoO2(SPh)2R2Dt
0, R = iPr, 2.3a and Me, 2.4a. These compounds were 
isolated as yellow solids. They are soluble in acetonitrile, chloroform, DMF, THF and 
CH2Cl2. Infrared spectra of these complexes are presented in Figure 2.11. Complexes 
exhibit the asymmetrical and symmetrical dioxo stretches at 910 and 947 cm-1 for 2.3a 
and 804 and 845 cm-1 in case of 2.4a. The difference in vibration frequency() could not 
be ascertained at this point and could be due to the differences in the Mo-O bond lengths 
probably due to the differences in the donor properties of the two ligands. 1H and 13C 
 
       2.3a                                                                2.4a 
Figure 2.11: Infrared spectra of compounds MoO2(SPh)2
iPr2Dt
0, 2.3a and 
MoO2(SPh)2Me2Dt
0, 2.4a. 
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NMR were also recorded for the dioxo complex. 13C NMR spectrum exhibited a peak at 
188 ppm, which is assigned to C=S peak and other peaks as expected that were different 
from those of free ligands. In the dioxo complexes the methylene groups in the piperazine 
ring were equivalent, unlike in the monooxo complexes, where the methylene groups 
were not equivalent. 
 
Figure 2.12: Electronic spectra of dioxo-Mo(VI) complex, 2.3a and 2.4a in acetonitrile 
at room temperature. 
 
Several attempts to crystallize these compounds did not yield crystals and 
analytical purity of these complexes has not been established. Instead, different 
recrystallization techniques resulted in formation of ligand crystals. The electronic 
spectra of the compounds were recorded in acetonitrile, and the spectra exhibit higher 
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energy transition (Figure 2.11), compared to the monooxo complexes which exhibit low 
energy bands, that we tentatively assigning to ligand to ligand charge transfer. 
2.4.5.3 Reaction with other phosphines 
A complete oxygen atom transfer reaction from TMAO to the molybdenum 
complex and from the ensuing complex to trimethyl phosphine resulted in coordinated 
phosphine, when PMe3 was used as substrate. This hinders or stops the reaction from 
completing the catalytic cycle involving the mono-oxo molybdenum complexes. 
However, when other tertiary phosphines were used as substrates, they did not coordinate 
to the metal center. Complexes 2.1a and 2.2a, together with 2.3a and 2.4a generated in 
situ were reacted with different phosphine, and the 31P NMR spectral data of the reaction 
are tabulated in Table 2.9.  
When 2.1a and 2.2a were reacted with TMAO, they were oxidized to the 
corresponding dioxo complexes 2.3a and 2.4a, which in turn oxidize tertiary phosphines, 
PMe3, PPh2Me, PPhMe2 and PPh3, to corresponding phosphine oxides (Table 2.9). In 
case of PMe3, it coordinates to the metal center, mainly due to its small cone angle (°). 
As a control, reaction of these phosphines with 2.1a and 2.2a resulted in free phosphines 
(unreacted), and in some cases minor peaks of the OPR3 were detected, which could be 
due to the presence of these species in the reagents. 31P NMR peaks at 26.12 indicated 
generation of OPPh2Me, while the peaks at ~27 ppm and ~31.7 represents the 
generation of OPPh2Me and PPhMe2 respectively (Table 2.9).  
 
 88 
 
Table 2.9: Reactions of 2.1a-2.4a with tertiary phosphines. 
 31P NMR (ppm) (°)  
 2.2a 2.1a 2.3a 2.4a  
PPh
3
 -12.21, -4.63, 7.50 -5.57, 26.13, 42.83 -5.99, 26.12 -5.99, 27.5 145 
PPh
2
Me -26.26, -12.42, 28.64 -26.98, 27.41 -26.96, 27.41 -26.96, 27.8 140 
PPhMe
2
 -45.83, 31.69 -42.83, 31.27, 33.40 -45.40, 33.41 -45.40, 31.7 122 
PMe
3
 -62.02, -9.51, -7.61, 
30.90, 35.60 
36.83, 41.97 35.60, 30.90, -7.61,  
-9.51, -62.02 
31.26, 35.98 
-61.68 
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A competition reaction of all the phosphine was carried out in which a mixture of all the 
phosphines was reacted with 2.1a and also 2.2a. In case of reaction with 2.1a, only PMe3 
coordinated, while with 2.2a, the reactions indicated that both PMe3 and PPhMe2 
coordinate to the metal center. The reaction of mono-oxo molybdenum complex with 
TMAO and then with PR3 is summarized in Figure 2.13. As a control reaction, PMe3 was 
reacted with TMAO, but there was no reactivity. However, as indicated above, the 
reaction between 2.1a or 2.2a, with PMe3, leads to coordinated Mo-PMe3.  
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2.4.5.4 Reaction of MoO(SPh)2Me2Dt0 and MoO(SPh)2iPr2Dt0 with PMe3 
The reaction of PMe3 with 2.1a or 2.2a was probed by UV-vis spectroscopy 
(Figure 2.14). On addition of the phosphine, the low energy transition of the original 
complex shifts towards lower energy by more than 100nm, indicating formation of a new 
complex.  The new complex, could be coordinated PMe3 to the original monooxo 
complex to forming most likely a six coordinated complex, MoIVO(SPh)2(PMe3)Me2Dt
0. 
Figure 2.13: Oxygen atom transfer reactions involving compound 2.1a and 2.2a, using 
TMAO and PMe3 as substrate. 
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Figure 2.14: Reaction of PMe3 with (A) compound 2.2a and (B) 
compound 2.1a followed by UV-vis. 
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 Isolation of one of these complexes was attempted by scaling the reaction of 2.2a 
with PMe3. Here, into 0.05mg (0.10mmol) of 2.2a in 50mL of acetonitrile was added 
PMe3 in excess (5 equivalents). The purple solution turned green after stirring for less 
than 10 minutes. The reaction was monitored by following the disappearance of the 
original band 560nm in 2.2a. At the end of the reaction, all solvents were removed by 
vacuum, and the solid product was washed with minimum amount of methylene chloride 
(1mL x 2) to remove any traces of ligand or unreacted materials. The 31P NMR spectra 
showed two peaks at  30.76 and 36.46, which belong to coordinated PMe3 and OPMe3 
impurity, respectively. The coordinated PMe3 complex was isolated, although its purity 
was not determined. The electronic spectra of the isolated product (Figure 2.15), shows a 
low energy band at ~605nm, which is similar to that exhibited by the bis(dithione) 
complex [MoOClMe2Dt
0][PF6]. This complex exhibited a different electronic spectrum 
compared to 2.1a, because on coordination of PMe3, its geometry changes from square 
pyramidal  to octahedral. 
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2.5 Theoretical Studies 
To gain insight into the structure-property of the mono-oxomolybdenum 
complexes, density functional theory (DFT) studies were carried out on 
MoO(SC6H5)2(Me2Dt
0), using the GAUSSIAN 09 program package.161 The calculations 
were performed using spin-restricted DFT wave function at the B3LYP level. The 
molecular structures of the complexes were optimized from X-ray structure geometry 
coordinates. The basis set used for C, N, S and H atoms was 6-311G(d), while effective 
core potentials with a LanL2DZ basis set were employed for the Mo atom. The calculated 
electronic structure and the corresponding contour plots of the frontier orbitals for 2.2a 
are presented in Figure 2.16.  
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Figure 2.15: The electronic spectra of MoO(PMe3)Me2Dt
0 in acetonitrile. 
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From the calculated contributions of the various fragments of the complex (Table 2.10), 
the valence orbital (HOMO), is mainly from the interaction of the ligand (thiolates) 
centered orbitals with p character and metal’s d-orbitals. It derives ~56% from thiol sulfur 
and 24% from the nitrogen of the dithione ligand, with minor contribution from metal 
and dithione ligand. While on the other hand, the LUMO derives ~24% from the metal, 
23% dithione sulfur and 32% from oxo ligand, also with minor contribution from the 
dithiolate ligand (Table 2.10). This is in agreement with the mixed ligand complexes 
discussed above, where the HOMO is mainly dominated by the thiolates part of the 
complex, and the LUMO is dominated by the dithione ligand, offering the suggested 
“push/pull’  mechanism.61 The HOMO-1 and HOMO-2 have more metal character and 
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Figure 2.16: Frontier molecular orbitals for square pyramidal MoO(SPh)2Me2Dt
0 
(2.2a). Contour images are drown at the 0.02 level. 
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the dithiolene (thiophenolate) ligands (Table 2.10). The LUMO+1 is also composed of a 
mixture of ligand and metal orbitals.  
 
Table 2.10: Contributions of different fragments to complex frontier orbitals of 2.2a. 
MOs E(eV) Sy Mo S(Dt0) S(Dt2-) Oxo CH(Dt0) CH(Dt2-) N(Dt0) 
111 -0.983 A 46.36 15.76 14.13 10.99 5.87 4.71 2.18 
110 -2.739 A 23.65 22.70 3.76 0.36 30.67 3.16 15.69 
--- HOMO--- – LUMO-gap ---     2.118 eV ------- 
109 -4.857 A 3.98 8.92 56.89 2.17 2.26 24.80 0.97 
108 -5.149 A 25.25 3.58 30.91 5.21 9.37 15.22 10.46 
107 -5.778 A 40.86 4.37 15.51 1.41 6.05 25.85 5.95 
106 -6.227 A 2.64 15.04 19.75 0.96 3.46 55.11 3.04 
105 -6.283 A 4.25 4.88 16.95 0.06 1.81 69.53 2.51 
104 -6.309 A 9.23 8.21 40.12 0.98 2.63 35.37 3.47 
 
The low energy transition discussed above was tentatively assigned to the MLCT 
transition. However from the orbital composition, it is difficult to establish whether they 
are MLCT or LMCT. The Mo(IV) complex has a dithione ligand and two dithiolate 
ligands at the metal center. From Table 2.11, the HOMO is mainly composed of the 
dithiolate contribution from the two sulfurs and the LUMO is mainly a mixture of the 
dithione and metal contributions. This could possibly imply a ligand to metal/ligand 
charge transfer transition. To ascertain this claim, future TDDFT calculations will be 
useful in explaining the low energy band. These initial studies are however in agreement 
to that of mixed ligand (dithione/dithiolene) metal complexes by Deplano and others.63, 64, 
162  
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We can also rationalize the electrochemical results above from the nature and the 
energy level of the molecular orbitals described above. The two redox couples are indeed 
ligand based reduction couples, since the LUMO is mainly composed of the ligand 
(dithione) sulfur containing orbitals (Table 2.10). Since they are empty, an electron is 
added at a time, exhibiting two redox couples.  
The effect of fold angle on the overall energy and that of the molecular orbitals of 
2.2a was also investigated by DFT calculations as discussed above.  
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Figure 2.17: Change in energy as a function of fold angle in 2.2a. 
As the fold angle is increased from 0° to 80°, overall energy of the molecule decreased 
until it leveled off between 60° to 70° (Figure 2.17). This is in agreement with the 
experimental fold angle (59°), implying the molecule is more stable when the dithione 
ligand folds at 59°. Figure 2.17 shows the effect of fold angle on the electronic structure 
of the molecule, and as shown in Figure 2.18, the energy of the HOMO decreases with 
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increase in fold angle, while the LUMO energy increases, leading to an increase in the 
HOMO-LUMO gab. However, the overall energy follows the trend above (Figure 2.18).  
 
From the definition above and as depicted in Figure 1.23, the dithione ligand folds 
to be able to donate its -electrons to the metal center. Changes in fold angle will 
therefore lead to less mixing of the ligand and metal orbitals or else the orbitals are too 
close and there are electron repulsions making the molecule unstable. At around 60°, this 
molecule obtains the optimum mixing and stability. At this fold angle, the ligand and 
metal orbitals have the maximum overlap and at its lowest energy. 
The results of similar calculations on 2.1a are also presented in Figure 2.19. The 
electronic structure of 2.1a, shows the HOMO and HOMO-1 are almost degenerate and 
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Figure 2.18: The correlation of the fold angle and the energy of the d-orbitals. 
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fairly separated from the rest of the orbitals. The HOMO appears to be a mixture of metal 
and ligand orbitals, while HOMO-1 is dominated by the thiophenolate orbitals. 
The LUMO and LUMO+1, is dominantly dithione ligand. From the electronic 
spectra of these complexes, the low energy spectra could be attributed to the HOMO to 
LUMO charge transfer, which in this case can fairly be attributed to either metal to ligand 
charge transfer, or ligand to ligand charge transfer or a mixture of both. The charge 
transfer bands are broad, an indication that there are more than one transition, which has 
not been resolved in these studies.  
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Figure 2.19: Frontier molecular orbitals for square pyramidal MoO(SPh)2
iPr2Dt
0 
(2.1a). Contour images are drown at the 0.02 level. 
 99 
 
Summary 
In this study, a new series of oxomolybdenum complexes containing mixed 
ligands, one fully oxidized dithione and two thiolates have been synthesized, 
characterized and investigated for oxygen atom transfer reactions. Despite the fact that 
monodithiolene molybdenum complexes are rare, we can attest that one dithione ligand 
can stabilize high oxidation state of molybdenum generating mononuclear 
oxomolybdenum complexes. We have also established that mono(dithione) 
monooxomolybdenum complexes, with other ligands can reduce TMAO but not nitrate or 
DMSO. The resulting Mo(VI) dioxo complexes can also be by oxidized secondary 
phoshines and hence completing the catalytic cycle. However, PMe3 coordinated to the 
complex, hence ending the reaction without completing the catalytic cycle. The 
coordinated complex was analyzed and showed different spectroscopic properties due to 
changes in the geometry of the molecule from square pyramidal to square bipyramidal or 
octahedral geometry. 
This is contrary to the bis(dithione) complexes. Although the first coordination 
sphere of these complexes has four coordinated sulfur atoms and a molybdenum oxo unit, 
they exhibit different chemistry. We can therefore conclude from these studies that the 
presence of one dithiolene ligand and other sulfur coordinated ligands could be 
controlling the specificity of the molybdenum containing enzymes and therefore supports 
different reactivity. 
The mono(dithione) complexes synthesized here have an unusually large fold 
angle compared to known metal dithiolene complexes. The effect of the fold angle on the 
electronic structure of a representative complex (MoO(SPh)2MeDt
0) investigated here, 
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indicated that there is a correlation in the energy level of the molecule and also the 
individual molecular orbitals. These could impact the reactivity of these molecules, as 
raising or lowering the energy of the frontier orbitals will determine if they are occupied 
or empty to accept electrons from the substrate. 
From the theoretical calculations, the low energy electronic spectra are mainly 
due to metal to ligand charge transfer (HOMO to LUMO). However, the HOMO is a 
mixture of ligand and metal orbitals, which explains the high molar absorptivity shown 
by the electronic spectra of these complexes.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 101 
 
 
 
 
 
 
 
 
Chapter 3.0. Syntheses and Characterization of Copper and 
Zinc Complexes Containing Dithione Ligands. 
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3.1 Abstract 
A series of copper and zinc complexes, [(CuiPr2Dt
0)2][PF6], 3.1a, 
[(CuiPr2Dt
0)2][PF6]2, 3.1b, [(Cu
iPr2Dt
0)2][BF4]2, 3.1c, [Cu(Me2Dt
0)2][PF6], 3.2a, 
[Cu(Me2Dt
0)2][PF6]2, 3.2b, [Zn(
iPr2Dt
0)2][PF6]2, 3.3a, [ZnCl(
iPr2Dt
0)2][PF6], 3.3b, 
ZnCl2
iPr2Dt
0, 3.4a, and ZnCl2Me2Dt
0, 3.4b, of N,N-diisopropyl piperazine-2,3-dithione 
(iPr2Dt
0) and N,N-dimethyl piperazine-2,3-dithione (Me2Dt
0) ligands, have been 
synthesized and characterized. The molecular structures of these complexes have been 
determined by X-ray crystallography. Complexes [(CuiPr2Dt
0)2][PF6], 3.1a and 
[Cu(Me2Dt
0)2][PF6], 3.2a, crystallized in the triclinic crystal system, space group P-1, 
while [(CuiPr2Dt
0)2][BF4]2, 3.1c, recrystallized on the monoclinic crystal system, space 
group C2/m. Also, the Zn(II) complexes, 3.4a and 3.4b recrystallized on the monoclinic 
crystal system, space group P2(1)/c and P2(1)/n respectively, whereas 3.3b, recrystallized 
on the monoclinic crystal system, space group P-1. The Cu(I) complexes have a distorted 
tetrahedral geometry, while Cu(II) exhibit a square planar geometry. Zinc complexes on 
the other hand exhibit a tetrahedral geometry, however [ZnCl(iPr2Dt
0)2][PF6]2,  (3.3b), 
exhibit a square pyramidal geometry. The zinc complexes exhibit high energy transitions 
(200-450 nm).  
The electrochemical studies of these complexes were complex with the zinc 
complexes exhibiting only ligand based redox properties. Unlike the zinc complexes, 
copper complexes exhibit low energy band (450-650 nm). Electrochemical studies of 
these complexes show ligand based redox couples for the zinc complexes, but the copper 
complexes, in addition exhibit an oxidation couple that is metal based.  
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3.2 Introduction 
Copper complexes containing redox active ligands (dithiolene) have been of 
interest due to their potential conducting,163-176 magnetic,163, 165, 167, 173, 177 and optical 
properties as near-infrared (NIR) dyes and nonlinear optical behavior.90, 178-181 This 
possible applications have led to the design and preparation of dithiolene complexes 
utilizing a variety of dithiolene ligands. They have also been explored as catalysts in 
organic synthesis and electrochemical catalysis.182 
As discussed in Chapter 1, dithiolene ligands are redox noninnocent ligands,183 
they can exist in two extreme forms as dithiolenes (fully reduced) and dithione (fully 
oxidized). Most of the known copper complexes have been synthesized from the fully 
reduced dithiolene ligands. However, a bis(N,N’-dibenzyldithio-oxamide) copper(II) 
diperchlorate complex has been reported in literature, that is closely related to the 
dithione complexes discussed in this chapter.69 The ligand in this complex consists of a 
C(=S)-C(=S) unit and coordinate to the metal in its neutral state. Complexes with 
oxidized and reduced ligands have shown unique properties and especially in their 
possible application as potential candidates for non-linear optics (NLO) and near IR 
dye.49, 90, 184-186 
The properties shown by transition metal dithiolene complexes are mainly due to 
their geometries and unique intra and intermolecular interactions. Homoleptic 
bis(dithiolene) copper(II) complexes are usually square planar and near tetrahedral 
geometry for copper(I). A characteristic measure of these two geometries is their dihedral 
angle (), which is the angle between two SMS planes, each defined by two sulfur atoms 
of each ligand and the metal center. True square planar and tetrahedral geometries, will 
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measure 0 and 90° respectively.  However most bis(dithiolene) complexes have a 
dihedral angle of near square planar and tetrahedral geometries, 0-10 and 80-90 
respectively.187-189 They also exhibit pyramidal geometry, which is an intermediate of the 
two, due to intermolecular interactions.   
 There are a number of copper complexes with dithiolene ligands and their 
physical properties have been established.190 These complexes exhibit electron 
delocalization within metal and dithiolene ligands forming donor acceptor systems. 
These properties are exhibited in both mono, bis and tris coordinated dithiolene 
complexes. For, instance, square planar and trigonal prismatic dithiolene complexes have 
been used as electrochemical catalysts, and (mono) dithiolene complexes have also been 
reported as useful catalysts in the organic synthesis of cyanofluoroamides.182, 191   An in-
depth understanding of this unique metal dithiolene interaction and the geometry of these 
complexes is crucial for the development of molecules with desired properties for 
applications. For example, [M(mnt)2]
2- anions (M = Cu, Ni; mnt2- = maleonitrile 
dithiolate) can act as -acceptors and can interact with -donor cations, making them 
good candidates for catalysts in transformations of organic molecules. 32  
 The properties of dithiolene complexes can also be modulated by changing the 
framework or the oxidation state of the ligands involved. For instance, copper(II) 
dithiolene complexes exhibit negative redox couples that are broad and with large Ep 
indicating slower heterogeneous electron transfer processes.192 Bis(dithiolene) copper (II) 
complexes also show low energy transitions with low extinction coefficients that are 
characteristic of d-d transitions. Recently, copper together with nickel has been combined 
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into a microporous framework, Cu[Ni(pdt)2], (where pdt
2- = 1,2-diphenyl-1,2-
ethylenedithiolate) that exhibits interesting electronic conductivity, doping and redox 
behavior.186, 193  
In addition, tetrahedral zinc dithiolene complexes have been extensively studied 
due their charge transfer (CT) and photochemical properties similar to d8 metal 
complexes and also as precursors for the synthesis of other metal dithiolene 
complexes.194-197 Zn(dithiolene) complex e.g., [Zn(mnt)2]
2- has been utilized as a 
precursors in the generation of zinc sulfide by a photoinitiation process, that acts as a 
photocalyst.198  Zinc-dithiolene complexes are also crucial in the synthesis of other metal 
dithiolene frameworks, which have potential applications as functional materials, with 
desirable properties such as luminescence. Such metal frameworks are known to exhibit 
luminescent properties that are sensitive to changes in the immediate environment of the 
metal center or the ligand environment.199 Zinc dithiolene complexes have also been used 
in the synthesis of other metal dithiolene complexes through dithiolene exchange 
reactions, which involves the transfer of alkane-dithiolates to softer metals. Example of 
such reactions involves the transfer of the dithiolene ligand, 1,3-dithiole-2-thione-4,5-
dithiolate (dmit2-) to metal centers such as VCl3, AuCl(PPh3) or Cp2TiCl2.
200 
Fernandez and Kisch,87, 89, 90, 201-203 reported the photoluminescence of transition 
metal bis(dithiolene) complexes  with the tetrahedral geometry, of the form M(mnt)2]
2- 
(M = Zn, Cd, Hg), together with Zn(dmit)2]
2- and [Zn(qdt)2]
2-. These complexes were 
found to exhibit fluorescence and phosphorescence properties. Mixed ligand zinc 
dithiolene complexes have also been explored for third-order NLO responses.204  The 
complex (Me4N)2[Zn(dmit)(SPh)2], has been investigated for nonlinear optical (NLO) 
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properties, and was found to exhibit modest third-order NLO. Although Zn(II) complexes 
are redox inert, zinc complexes comprising of mixed ligands of diimine and dithiolate 
were the first complexes to show ligand to ligand charge transfer transitions (LLCT).205 
The two complexes, [Zn(qdt)2]
2- and (Me4N)2[Zn(dmit)(SPh)2], show the versatility of 
dithiolene ligands, when coordinated to the metal center alone such as monoleptic or 
monodithiolene complexes, or mixed ligand complexes producing different properties.  
Majority of copper and zinc dithiolene complexes, have been designed from fully 
reduced dithiolene ligands. As mentioned earlier, there is only one known copper 
complex with a dithiooxamide ligand, that coordinates to copper as a neutral ligand. 
Likewise, one zinc mono(dithione), [ZnCl2(H2dmdto)], (where H2dmdto = N,N’-
dimethyl-dithio-oxamide) has also been reported.69 A parallel study of dithione and 
dithiolenes is crucial for the development of spectroscopic properties of dithiolenes, 
which could aide in either utilizing these molecules in material development or in 
understanding their role in biological systems.  
We have been interested in the coordination chemistry of the dithione form of the 
dithiolene ligand with a view that they can also stabilize metal ions and the resultant 
cationic complexes will have unique chemical and physical properties that will increase 
overall knowledge on the coordination chemistry and associated properties of dithiolene 
chemistry. Currently there is a lot of interest in the synthesis of mixed ligand complexes 
that have promising optical properties, and dithione complexes are usually the starting 
materials in the synthesis of such molecules. In this chapter, we therefore present the 
synthesis and characterization of copper and zinc dithione complexes (Chart 3.1). The 
objective of this study is to provide additional spectroscopic data involving dithione 
 107 
 
complexes, for comparison with the known dithiolene complexes using well 
characterized dithione complexes. Here we therefore report the synthesis and 
characterization of copper and zinc with dithione ligands, iPr2Dt
0 and Me2Dt
0. The 
electrochemical and electronic properties of these complexes have been investigated and 
where possible, the molecular structure has also been determined. 
 
3.3 Experimental 
3.3.1 Materials 
Syntheses of the copper and zinc complexes reported here were carried out in a 
dry box or by using standard Schlenk system. The solvents were purchased either from 
Aldrich, Fisher Scientific or VWR and were purified as described in Chapter 2. Prior to 
their use, solvents were degassed by freeze pump thaw. The ligands, Me2Dt
0 and iPr2Dt
0 
[Cu(iPr2Dt
0)2][PF6], 3.1a 
[Cu(iPr2Dt
0)2][PF6]2, 3.1b 
[Cu(iPr2Dt
0)2][BF4]2, 3.1c 
[Cu(Me2Dt
0)2][PF6], 3.2a 
[Cu(Me2Dt
0)2][PF6]2, 3.2b 
[Zn(iPr2Dt
0)2][PF6]2, 3.3a 
[ZnCl(iPr2Dt
0)2][PF6]2, 3.3b 
ZnCl2
iPr2Dt
0, 3.4a 
ZnCl2Me2Dt
0, 3.4b 
Chart 3.1 
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were synthesized following literature procedures.16 Cu(II)Cl2.2H2O and ZnCl2.6H2O 
were purchased from Aldrich and used without any purification. The Cu(MeCN)4ClO4 
was synthesized following literature procedure with little modifications.206,207 
Magnetic susceptibility measurements were carried out using Evans method.157 A 
known concentration of the complex was prepared in deuterated solvent and placed in an 
NMR tube. A coaxial reference capillary tube was also filled with same NMR solvent in 
which the compound was dissolved, and inserted into the NMR tube containing the 
sample. A 1H NMR spectrum was then recorded and referenced to the solvent peak or 
trimethyl silane (TMS). The chemical shift of the pure solvent in coaxial tube was 
compared with the one in dissolved sample, and change in chemical shift recorded as v. 
The magnetic moment was then calculated from the equation  
                 µeff = 2.84√ (MT)/n µB, 
where T is the temperature (K) of the measurement, n is the nuclearity of the complex, 
and χM = -((3/4π)*(∆ν/ν)*(1000/c)) + χMsol - χD (where χMsol is the solvent susceptibility, 
χD is the total diamagnetic correction (calculated from Pascal’s constants), ∆ν is the 
paramagnetic shift of the solvent in Hz, ν is the frequency of the NMR instrument in Hz, 
and c is the concentration of the metal complex or sample in M-1cm-1). Conductivities of 
the complexes were measured in acetonitrile solution and calculations done using the 
formula: 
                    M = K/[C], where M = Molar conductance (ohm-1, cm2mol-1), K = Specific 
conductance and [C] = molar concentration of the complex. The electrolyte ratio was 
compared to known specific conductivity ratios.208  UV-visible spectra were recorded on 
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either Cary 3 or Cary 500 spectrophotometer. 1H, 31P, and 13C NMR spectra were 
collected using a Bruker 500 MHz or 400 MHz spectrometer. IR spectra were recorded 
on a Thermo Electron corporation Nicolet 380 spectrometer in neat.  Elemental analyses 
were obtained from an outside vendor, at the Midwest Microlab LLC, Indiana, IL 
            X-ray quality single crystals of 3.1a, 3.2a, 3.1c, 3.3b, 3.4a and 3.4b were grown 
by slow diffusion of ether into acetonitrile solutions of the respective complexes. The 
crystals were selected and coated with paratone oil, mounted on a glass fiber, and data 
were collected at 298K using a Bruker SMART Apex II diffractometer with a graphite 
monochromator for Mo K radiation (0.71073 Å).  The absorption correction was 
performed using SADABS routine. The structure solution and the refinement were done 
using SHELX-97 programs, using direct methods. Crystallographic data of the 
compounds are listed in Tables 3.1 and 3.2. In these crystals all non-hydrogen atoms 
were refined anisotropically. Hydrogen atoms were placed at calculated positions and 
refined as riding atoms with isotropic displacement parameters.  Crystals of 3.2a were 
found to be non-merohedrally twinned. The orientation matrices for the two components 
were identified using the program Cell_now, with the two components being related by a 
180 degree rotation around the reciprocal axis (0 1 0). The two components were 
integrated using Saint, resulting in a total of 20780 reflections. 4070 reflections (2266 
unique) involved component 1 only (mean I/sigma = 36.4), 4015 reflections (2232 
unique) involved component 2 only (mean I/sigma = 23.8), and 13032 reflections (5809 
unique) involved both components (mean I/sigma = 31.5). The exact twin matrix 
identified by the integration program was found to be -0.99992 0.00057 -0.00017, 
0.51527 0.99993 0.10994, 0.00038-0.00135 -1.00001. The data were corrected for 
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absorption using twinabs,209 and the structure was solved by direct methods with only the 
non-overlapping reflections of component 1. The structure was refined using the hklf 5 
routine with all reflections of component 1 (including the overlapping ones), resulting in 
a BASF value of 0.293(1). 
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Table 3.7: Crystallographic data for 3.1a, 3.2a and 3.1c. 
  
 
[Cu(iPr2Dt0)2][PF6] 
 3.1a 
[Cu(Me2Dt0)2][PF6] 
3.2a 
[Cu(iPr2Dt0)2][BF4]2 
3.1c 
Empirical formula C20H36CuF6N4PS4 C12H20CuPF6N4S4 C20H36B2CuF8N4S4 
Formula weight 1040.28 557.07 697.93 
Temperature/K 296 K 296(2) 296 
Crystal system Triclinic Triclinic Monoclinic 
Space group P-1 P-1 C2/m 
 a/Å 12.80(4) 6.76(3) 11.72(2),  
b/Å 13.34(5) 12.01(5) 14.76(3),  
c/Å 19.65(9) 12.87(5) 19.69(4) 
α/° 70.16 91.93(2) 90 
β/° 71.139(3) 100.21(2) 90.86(1) 
γ/° 90 97.71(2) 90 
Volume/Å3 2965.3(2) 1018.29(7) 3404.08(1) 
Z 2 2 4 
Radiation type MoK MoK MoK 
Crystal size/mm3 
0.45 mm × 0.25 mm 
 × 0.13 mm 
0.6 mm × 0.3 mm  
× 0.1 mm 
0.08 × 0.07  
× 0.001 
Reflections collected 14617 20780 28201 
Independent 
reflections 
14613 6518 9527 
Restraints/parameters 0/669 0/258 2/388 
Goodness-of-fit on F2 
Rint 
1.18 
0.063 
1.062 
 0.0484 
0.94 
0.028 
Final R  
indexes [I>=2σ (I)] 
R1 = 0.116, 
 wR2 = 0.319 
 
R1 = 0.0365, 
 wR2 = 0.1167 
 
R1=0.044, 
 wR2 =0.154 
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ZnCl2iPr2Dt0,  
3.4a 
ZnCl2Me2Dt0,  
3.4b 
ZnCl(iPr2Dt0)2[PF6
],    3.3b 
    
Empirical formula C10H18Cl2N2S2Zn 
C6H10Cl2N2S2Zn C20H36ClF6N4PS4Z
n 
Formula weight 366.65 310.55 706.56 
Temperature/K 296 296 296  
Crystal system Monoclinic Monoclinic Monoclinic 
Space group P21/c P21/n P-1 
a/Å 7.62(1) Å 9.69(4)  26.90(1) 
b/Å 15.64(2) Å 9.49(4) 17.67(1) 
c/Å 13.38(2) Å 12.51(5) 6.47(3) 
α/° 90° 90°  90° 
β/° 95.23(1)° 90.87(3)  90° 
γ/° 90°  90°  90° 
Volume/Å3 1588.14(4) 1150.06(8) 3076.3(3)  
Z 4 4 4 
Radiation type 
Mo Kα, 
 λ = 0.71073 Å 
Mo Kα, 
λ = 0.71073 Å 
Mo Kα, 
λ = 0.71073 Å 
/mm-1 2.13 2.92  1.26  
Crystal size/mm 
0.23 × 0.20 × 0.0
7 
0.17 × 0.09 × 0.01 0.08 × 0.06 × 0.03  
Reflections collected 9432 1474 1986 
Independent reflections 4846 1339  1986 
No. of parameters 158 120 172 
Data> 2σ(I) 3858 1078 1188 
Rint  3.58 4.36 0.000 
Final R indexes  
R1 = 0.036,  
wR2 = 0.142 
R1  = 0.044, 
 wR2 = 0.162 
R1 = 0.192,  
wR2 = 0.461 
 w = 1/[σ2(Fo2)  
+(0.1P)2]  
where  
P = (Fo2 + 2Fc2)/3 
w = 1/[σ2(Fo2) 
 + (0.1P)2]  
where 
 P = (Fo2 + 2Fc2)/3 
w = 1/[σ2(Fo2) 
 + (0.1P)2]  
where 
 P = (Fo2 + 2Fc2)/3 
Goodness-of-fit on F2 1.08 1.21 3.07 
 
 
Table 3.8: Crystallographic data for 3.4a, 3.4b and 3.3b.  
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3.3.6 Syntheses  
Synthesis of [Cu(iPr2Dt0)2][PF6] (3.1a). Into a Schlenk flask, 0.044g of 
Cu(MeCN)4ClO4  was dissolved in 50 mL methanol and stirred for 10 minutes before 
adding a solution of N,N’-diisopropyl piperazine-2,3-dithione (iPr2Dt0) (0.10g, 0.434 
mmol) in 5 mL of chloroform. Upon addition of the ligand, the clear solution turns 
brown; the reaction mixture was stirred for an hour and during this time the brown 
mixture turns purple and on addition of 0.093g (0.555mmol) of sodium 
hexaflourophosphate, a green precipitate is formed. Stirring was continued for another 30 
minutes before the reaction mixture was filtered and the green product washed with 
methylene chloride to remove excess ligand and small amounts of methanol (<1mL) to 
remove excess NaPF6. An analytically pure product was obtained, Yield: 0.093g (32%).  
Anal. Calcd(expt.) for C20H36CuF6N4PS4: C, 35.89(35.84); H, 5.42(5.36); N, 8.37(8.29);  
 
1H  NMR (CD3CN);  5.31(m, CH, 4H), 3.65(s, CH2, 8H), 1.34(d, CH3, 12H), 1.32(d, 
CH3, 12H); 
13C  NMR;  17.37 (CH3), 41.33 (CH2), 57.74 (CH), 183.12 (C=S); FTIR 
(neat, cm-1); 1487 (vs, C-N), 1348 (vs, C=S), 829, 596, 555 (vs, PF6). Electronic 
spectrum, max (MeCN, M-1cm-1): 771(sh, 442), 529 (4324), 385 (1398), 298(5961), 
231(9071).  
Synthesis of [Cu(iPr2Dt0)2][PF6]2(3.1b).  Compound 3.1b was synthesized from 
Cu(II)Cl2.2H2O by dissolving the Cu(II) salt (0.08g, 0.469 mmol) in THF. Into the blue 
solution was added two equivalent of the iPr2Dt
0 ligand (0.22g, 0.950mmol). The blue 
reaction mixture turned green, and formed a dark green precipitate on addition of sodium 
hexaflourophosphate. The precipitate was filtered to obtain an analytically pure product, 
Yield: 360mg (95%). Anal. Calcd. (Expt.) for C20H36CuF12N4P2S4: C, 29.50(30.98); H, 
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4.46(4.95); N, 6.88(7.17); IR (neat, cm-1) : 1540 (vs, C-N), 1360 (vs, C=S), 826,  555 (vs, 
PF6). max (MeCN, M-1cm-1): 743(sh, 153), 535(sh, 945), 417 (1453), 327 (6579), 
223(7000). 
Synthesis of [Cu(iPr2Dt0)2][BF4]2(3.1c).  Into a Schlenk flask, 0.04g (0.235mmol) of 
Cu(II)Cl2.2H2O was dissolved in acetonitrile and stirred for a approximately 10 minutes 
before adding two equivalent of the iPr2Dt
0 ligand (0.10g, 0.434mmol). The blue reaction 
mixture turned greenish on addition of sodium tetrafluoroborate. The precipitate was 
filtered and washed with methylene chloride to remove excess ligand.  An analytically 
pure product was obtained, Yield: 130 mg (81%). Anal. Calcd. (Expt.) for 
C20H36CuF8N4B2S4: C, 34.42(31.41); H, 5.20(4.68); N, 8.03(7.13); IR (neat, cm
-1) : 1528 
(vs, C-N), 1364 (vs, C=S), 1025, 1111 (vs, BF4).  
Synthesis of [Cu(Me2Dt0)2][PF6] (3.2a).  Compound 3.2a was synthesized as in 3.1a 
above using Me2Dt0 ligand. Yield: 48%. Anal. Calcd. (Expt.) for C12H20CuF6N4PS4: C, 
25.87(25.79); H, 3.62(3.62); N, 10.06(9.75); 1H NMR (400 MHz, CD3CN); 3.86 (s, 8H), 
3.58 (s, CH3, 12H); 
13C NMR;  46.43 (CH3), 48.98 (CH2), 182.35 (C=S); IR (neat, cm-1) 
: 1511 (vs, C-N), 1356 (vs, C=S), 825, 551, (vs, PF6). max (MeCN, M-1cm-1): 758 (sh, 
546), 529 (4137), 296(5197), 225(8989).  
[Cu(Me2Dt0)2][PF6]2 (3.2b). Compound 3.2b was also synthesized as in 3.1b above 
using the ligand Me2dt
0. Yield: 62%. Anal. Calcd. (Expt.) for C12H20CuF12N4P2S4: C, 
20.53(21.11); H, 2.87(2.86); N, 7.98(8.14); FTIR (neat, cm-1): 1548 (vs, C-N), 1368 (vs, 
C=S), 821, 559 (vs, PF6). max (MeCN, M-1cm-1): 690 (sh, 295), 547 (sh, 524), 423 (sh, 
3973), 353(9246), 214(8033).  
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Synthesis of [Zn(iPrDto)2][PF6]2, (3.3a). 0.045g (0.330 mmol) of ZnCl2 was suspended 
in acetonitrile. 0.15 g  (0.651 mmol) of iPrDto was then added to the suspension.  0.055g 
(0.327 mmol) of NaPF6 was then added to the reaction mixture. A precipitate was formed 
that was filtered and residue was collected and dried to an analytically pure product. 
Yield: 0.11g (40%, 0.13 mmol). Anal.Calcd (expt.) for C20H36N4S4ZnF12P2; C, 
29.43(29.90); H, 4.45(4.44); N, 6.87(6.80);  1H NMR (CD3CN);  5.22 (m, 2H, CH, 6.6 
Hz), 3.71 (s, 8H, CH2), 1.34 (d, CH3, 12H, 6.6 Hz);  IR (cm
-1): 1372(C=S), 1512 (C-N), 
833(PF6). 
Synthesis of ZnCl2(iPr2Dto), (3.4a). Into a Schlenk flask, 0.15 g (1.10 mmol) of ZnCl2 
was dissolved in 50mL of acetonitrile and stirred for 10 min.  To this solution, 0.25g 
(1.09 mmol) of iPr2Dt
o was added. The reaction mixture was then allowed to stir for 30 
min, and then filtered to obtain pure product. The precipitate was rinsed with CH2Cl2 to 
remove excess iPr2Dt
o, obtaining an analytically pure product, Yield: 0.30g (0.82 mmol, 
75%). Anal. Calcd(expt.) for C10H18Cl2N2S2Zn; C, 32.76(33.04); H, 4.95(4.88); N, 
7.64(7.49); 1H  NMR (CD3CN);  5.24 (d, 2H, CH, 2H, J = 6.6 Hz), 3.73 (s, 4H, CH2), 
1.35 (d, CH3, 6H, J = 6.6 Hz).  IR (cm
-1): 1363.6 (C=S), 1503.8 (C-N). 
Synthesis of ZnCl2(Me2Dto) (3.4b). 0.051 g (0.374 mmol) of ZnCl2
 was dissolved in 50 
mL of acetonitrile. 0.130g, (0.747 mmol) of Me2Dt
o was then added to the solution, 
which was then stirred for 30 min. The reaction mixture was then layered with diethyl 
ether and placed in refrigeration (4˚C) overnight. Crystalline product was filtered and 
rinsed with cold (4˚C) CH2Cl2. Yield: 0.10g (97%).NMR (1H, σ, ppm) in Acetonitrile: 
3.93 (s, 8H, CH3), 3.65 (s, 12H, CH2). IR (cm
-1): 1123.3 (s, C=S), 1540.1 (m, C-N). C, 
23.21; H, 3.25; Cl, 22.83; N, 9.02 
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3.4 Results and Discussion 
3.4.1 Synthesis and characterization of copper complexes 
The ligands, N,N-dimethyl piperazine 2,3-dithione (Me2Dt
0) and  N,N-diisopropyl 
piperazine 2,3-dithione (iPr2Dt
0) were synthesized in air according to literature 
procedures.10, 16, 210 The copper (I) complexes 3.1a and 3.2a were synthesized from the 
reaction of Cu(MeCN)4ClO4 with the chelating neutral dithione ligand (1:2 molar ratio) in 
methanol. The complexes were precipitated as hexaflourophosphate salts by addition of 
excess NaPF6. Complexes 3.1a and 3.2a were isolated in 32% and 48 % yields 
respectively. The low yields were due to the washing with methanol to remove excess 
NaPF6. Complexes 3.1b and 3.2b on the other hand were synthesized from CuCl2.2H2O 
with two equivalents of the respective neutral dithione ligands in good yields of 68% and 
98% respectively. All four complexes are soluble in acetonitrile, methanol, ethanol, DMF 
and THF. The copper (I) complexes give purple solutions, while copper (II) complexes 
are green in solution.    
The 13C NMR spectra for complexes 3.1a and 3.2a exhibit a peak at  183 and 
182 respectively, corresponding to the C=S carbon. The free ligand peaks for the same 
carbon were observed at, 181 and 180 respectively.  Therefore, there is a change in the 
chemical shift due to coordination of the ligands. The fact that the change is small 
indicates that the coordinated ligands are still in the fully oxidized state in the complex. 
The IR spectra in solid state for Cu(I) complexes shows the C=S stretching frequencies of 
1348 cm-1 for 3.1a, and 1356 for 3.2a, for Cu(II) complexes, 1360 cm-1 for 3.1b and 1368 
cm-1 for 3.2b, with the difference due to change in oxidation state of the metal. Compared 
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to the free ligand stretching frequency of 1335 cm-1, the ligand can still be considered in 
the same oxidation state in coordination. Complexes 3.1a and 3.2a show a 1:1 electrolyte 
ratio and, complexes 3.1b and 3.2b, show a 1:2 electrolyte ratio, molar conductivity.  
3.4.2 Synthesis and characterization of zinc complexes 
The zinc complexes were synthesized by reacting an acetonitrile solution of ZnCl2 
with respective dithione ligands. Complexes 3.4a and 3.4b were synthesized from the 
reaction of the ZnCl2 solution with one equivalent of 
iPr2Dt
0 and Me2Dt
0 ligands 
respectively. Both complexes were obtained in excellent yields of ~75%. These neutral 
Zn complexes were stable in solid state and also in solution. They are soluble in 
acetonitrile, DMSO, THF and slightly soluble in chloroform and methylene chloride, and 
in both cases, yellow solutions were formed. They are both stable in solid state and also 
in solution state. Complexes 3.3a and 3.3b were isolated from one reaction of an 
acetonitrile solution of ZnCl2 with two equivalents. On addition of sodium 
hexaflourophosphate (NaPF6), the solution precipitated, giving complex 3.3a as a residue 
and 3.3b as filtrate in 40% and 46% yield respectively. Complex 3.3a was obtained as a 
residue of the reaction mixture and 3.3b as filtrate, which was recrystallize by reducing 
the filtrate volume and layering with dry ether. Both complexes are stable in solid state 
and in solution, and also soluble in acetonitrile, THF, DMF and DMSO. It should be 
highlighted that the reaction of ZnCl2 with Me2Dt
0 did not yield either 
[ZnCl(Me2Dt
0)2][PF6] or [Zn(Me2Dt
0)2][PF6], instead all attempts led to the isolation of 
ZnClMe2Dt
0, 6.1b, with the presence of unreacted or excess ligand. 
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The 1H NMR spectra of complexes 3.4a, 3.3a and 3.3b and 3.4b exhibit chemical 
shifts that are high field to those of the iPr2Dt
0 ligand, which indicated that the ligand is 
coordinated. From solid state IR spectra the C=S stretching frequencies of 3.4a is 1363 
cm-1 while that of 3.3a and 3.3b are the same at 1372 cm-1. Complex 3.4b with the 
Me2Dt
0 ligand exhibit a C=S stretching frequency of 1123 cm-1. From the C=S stretches, 
it can be inferred that the ligand is still in the oxidized state. Conductivity measurements 
of complexes 3.3a indicate a 1:2 electrolyte, while that of 3.3b suggest a 1:1 electrolyte.  
3.4.2 X-ray Structure Description  
The molecular structure of 3.1a, 3.2a and 3.2c has been determined by X-ray 
diffraction technique. Single X-ray quality crystals of 3.1a, 3.1b and 3.2a were obtained 
by slow diffusion of ether into acetonitrile solutions of the complexes. Both complexes 
gave green, needle-shaped crystals.  However attempts to grow crystals for compounds 
3.1b and 3.2b resulted in reduction to Cu(I) complexes, yielding corresponding Cu(I) 
crystals. Changing the counter ion for Cu(II) complexes led to recrystallization 3.1c after 
more than three months in the cold (refrigerated at 4.0°C).  Various recrystallization 
techniques for 3.1b and 3.2b did not yield any single crystals, but instead the ligand 
dissociated resulting in ligand crystals.  
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Table 3.9: Selected Bond Lengths and angles of [Cu(iPr2Dt0)2][PF6],  3.1a. 
Bond length, Å Bond angle, ° 
Cu1- S1 2.29(4) S3-Cu1-S1 138.66(2) 
Cu1- S2 2.29(4) S3-Cu1-S2 104.66(2) 
Cu1-S3 2.29(4) S1-Cu1-S2 91.95(1) 
Cu1-S4 2.31(3) S3-Cu1-S4 91.43(1) 
C1- S2 1.67(1) S1-Cu1-S4 100.42(1) 
C2-S1 1.70(1) S2-Cu1-S4 138.99(2) 
C11- S3 1.70(1) C2-S1-Cu1 100.0(4) 
C12-S4 1.69(1) C1-S2-Cu1 100.9(4) 
C1-C2 1.59(1) C11-S3-Cu1 100.1(4) 
C2-N2 1.30(1) C12-S4-Cu1 100.7(4) 
Figure 3.1: Molecular structure of 3.1a, thermal ellipsoids drawn at the 30% level. 
Hydrogen atoms and the PF6
- counter ions omitted for clarity. 
 120 
 
 
 
 
 
 
 
 
Figure 3.2: Molecular structure and packing diagram of 3.2a, thermal ellipsoids drawn 
at the 30% level. Hydrogen atoms and the PF6
- counter ions omitted for clarity. 
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Bond lengths (Å) Bond angles (°) 
Cu1- S1 2.28(2) S2-Cu1-S1 91.13(3) 
Cu1- S2 2.27(8) S2-Cu1-S3 113.10(3) 
Cu1-S3 2.28(8) S3-Cu1-S1 125.23(3) 
Cu1-S4 2.25(9) S4-Cu1-S1 112.53(3) 
C1- S1 1.67(2) S4-Cu1-S2 126.03(3) 
C2-S2 1.67(3) S4-Cu1-S3 92.26(3) 
C7- S3 1.67(3) C1-S1-Cu1 102.46(9) 
C8-S4 1.68(3) C2-S2-Cu1 102.98(9) 
C1-C2 1.51(3) C7-S3-Cu1 101.67(9) 
C1-N19 1.33(3) C8-S4-Cu1 101.86(1) 
The thermal ellipsoid views of both complexes are shown in Figures 3.1-3.3, and selected 
bond distances and bond angles are tabulated in Tables 3.1 – 3.4.  
The complexes 3.1a and 3.2a have similar geometry and are both in the triclinic 
crystal system, space group P-1. The two complexes exhibited slightly distorted 
tetrahedral coordination geometry. The cations and counter anions are poorly packed 
together, with only one molecule in the unit cell, and two counter anions. The 
[Cu(R2Dt)2]
+, (R = Me or iPr) cations are well separated from each other, with the Cu--Cu 
and S....S distance of ~14 and ~11Å, in case of 3.1a and the Cu--Cu and S....S distance of 
~7 and ~12 Å in 3.2a. The distortions in these complexes can be measured by dihedral 
angle, as defined by Colin, 211 as the angle between two SCuS planes (l), in which case,  
= 90°, represents a true bis-chelate tetrahedral geometry, near tetrahedral ( = 80-90°) 
and intermediate value ( = 10-80°). The calculated  for 3.1a and 3.2a were 58.70° and 
79.10°, indicating an intermediate value for the tetrahedral distortion, common in d10 
systems.  
Table 3.10: Selected Bond Lengths and angles of [Cu(Me2Dt0)2][PF6], 
3.2a. 
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The ligands used here, iPr2Dt
0 and Me2Dt
0 ligands, have been characterized by X-
ray crystallography and their C=S and C-C bond lengths averages at around 1.67 and 1.49 
Å respectively. When coordinated, these distances remain the same, implying that the 
ligand is coordinated to the metal in the oxidized state in complexes 3.1a and 3.2a. The 
C-C bond length is of typical C(sp2)-C(sp2) bond length, implying no e- delocalization 
along the C-C bond. In dithiolene complexes, Cu(I) bis(dithiolene) C-S  bond lengths 
were found to be greater than 1.75Å. 212   
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A                                                                     
 
                                                                                       B 
 
Figure 3.3: Molecular structure of side view of [3.1c]2+ dication (top) and top view of [3.1c]2+ 
(bottom). Thermal ellipsoids drawn at the 30% level. Hydrogen atoms and the BF4
-  counter 
ions omitted for clarity. 
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In the first coordination sphere of these complexes, the average Cu-S bond length for the 
two complexes is ~2.28 Å, which is similar to that observed in Cu(I) dithiolene 
complexes with similar geometry.213-215  This implies similar molecular orbital overlap in 
both the oxidized and reduced ligands bonding to the metal center. 
 
 
 
 
Table 3.11. Selected bond length (Å) for 3.1c. 
Cu1-S1 2.28(2) C2-N1 1.47(1) C6-C1 1.52(1) 
Cu1-S2 2.26(2) C2-C7 1.51(1) C1-N1 1.30(9) 
S1-C6 1.69(7) C3-C4 1.49(1) C7-N2 1.45(9) 
S2-C1 1.68(7) C3-C5 1.52(1) C6-N2 1.31(9) 
C8-N2 1.49(1) C3-N1 1.49(1) C8-C9 1.54(1) 
Table 3.12: Selected Bond angles (°) of 3.1c.   
S2-Cu1-S1 90.59(7) N1-C3-C4 110.60(9) N1-C1-C6 117.60(6) 
S2-Cu1-S2i 180.00 N1-C3-C5 112.20(8) N1-C1-S2 123.50(6) 
S2i-Cu1-S1 89.41(7) C4-C3-C5 111.10(8) N2-C7-C2 111.10(6) 
N2-C8-C9 110.40(8) N2-C8-C10 108.10(8) C2-N1-C3 118.20(6) 
S2i-Cu1-S1i 90.59(7) N2-C8-C9 110.40(8) N1-C2-C7 108.90(6) 
C6-S1-Cu1 100.60(3) C6-N2-C7 120.20(6) C6-C1-S2 118.70(5) 
C1-S2-Cu1 103.80(3) C6-N2-C8 120.00(6) C1-C6-S1 118.60(5) 
N2-C6-C1 117.30(6) C7-N2-C8 119.70(6) C1-N1-C3 119.70(7) 
N2-C6-S1 124.10(6) C1-N1-C2 122.10(6)   
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Complex 3.1c recrystallizes in the monoclinic crystal system, space group C2/m. 
The Cu(II) complex (3.1c) is square planar at the first coordination sphere, with the 
ligand off the horizontal plane S-S-M-S-S due to folding along the S--S hinge to give the 
complex a chair-like structure (Figure 3.3B). Compared to the packing in the tetrahedral 
Cu(I) molecules, the Cu(II) are closely packed per unit call, but still well separated with a 
Cu---Cu and S---S distances of 9.41 and 5.56 Å respectively.  
As expected, the average Cu-S bond length for 3.1c, was 2.27 Å, which is slightly 
shorter than the Cu(I) complex, 3.1a with the same ligand system.  The Cu-S bond 
lengths changes with change in oxidation state of the metal. Similar trends are also seen 
in dithiolene Cu(III)/Cu(II) complex, where the Cu-S bond is longer in Cu(II) as 
compared to Cu(III) (Table 3.7). The Cu-S bond length in 3.1c, is within the same range 
with the Cu-S distance in dithiolene complexes with fully reduced dianionic ligands 
(~2.250–2.308 Å),216 which implies that the two ligands could be equally coordinated to 
the metal center as their dithiolene (Dt2-) counter parts.  
 
Table 3.13: Bond length (Å) for square planar dithiolene complexes. 
Complex M-S S-C C=C C-S d(C-S) Reference 
Cu(pddt)2- 2.18(1) 1.75(4) 1.33(5) 1.75(4) 0.005 217 
Cu(dddt)2- 2.18(3) 1.74(8) 1.32(1) 1.77(3) 0.031 218 
Cu(mnt)2- 2.17(5) 1.72(1) 1.31(2)   219 
Cu(mnt)22- 2.26(1) 1.73(4) 1.36(6)   220 
dddt2- = dianion 5,6-dihydro-1,4-dithiin-2,3-dithiolate, mnt2- = maleonitrile dithiolate, pddt2- = 1,3-propanediyldithioethylene-1,2-
dithiolate.d(C-S) = the difference between both sides of C=C group in pddt2- and dddt2- ligands. 
 
Quality crystals of zinc complexes were also obtained by slow diffusion of ether 
into acetonitrile solution of the complexes. Their molecular structures were determined at 
296K by X-ray crystallography using Mo K radiation. Thermal ellipsoid plots and 
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corresponding summary of selected bond lengths and angles are also displayed in Figures 
3.4-3.5 shows. Compound 3.4a and 3.4b are isostructural in P21/n space group and 
crystallize in the monoclinic crystal system, with a tetrahedral metal center, achieved by 
the chelate coordination of the dithione ligand and two chloride ions. Their unit cells 
contains two molecules that are well separated from each other, with the Zn----Zn 
distance of 6.69 Å for complex 3.4a and 8.50 Å for complex 3.4b. The d10 elements of 
group IB and IIB column in the periodic table in their oxidation state +1 and +2, 
respectively, adopt a wide variety of structural arrangement in their coordination state, 
from linear to 3D and are known to display metal-metal contacts that are shorter than the 
van der Waals radii.32, 221 However from crystal packing of 3.4a, the shortest inter metal 
distance (Zn-Zn interaction) is 4.94Å, which is slightly above the Van der Waals radius, 
implying that they do not exhibit intermolecular,  metal-metal interaction.  
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Figure 3.4: Molecular structure of 3.4a, with thermal ellipsoid drawn to the 30% 
probability ellipsoids. 
 
Figure 3.5: Crystal packing of 3.4a 
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The ligand C-S length measures between 1.66-1.68 Å (Table 6.1 and 6.3). When 
coordinated to zinc, the average bond length measured was ~1.68 Å, indicating that the 
ligand is still in the oxidized form and also that the shorter distance is due to coordination 
to the metal. The average Zn-S also measures ~2.36 Å for complexes 3.4a and 3.4b. 
Table 3.14:  Selected bond lengths of 3.4a (Å). 
Zn1-Cl1 2.22(6) N1-C5 1.49(3) 
Zn1-Cl2 2.22(7) C1-C2 1.52(3) 
Zn1-S1 2.35(6) N2-C2 1.32(2) 
Zn1-S2 2.36(6) N2-C4 1.46(2) 
S1-C1 1.68(2) N2-C8 1.49(2) 
N1-C1 1.32 (2) S2-C2 1.69(2) 
N1-C3 1.48(3) C3-C4 1.49 (3) 
 
 
 
 
 
 
Table 3.15: Selected bond angles of 3.4a (°). 
Cl1-Zn1-Cl2 110.51  C2-N2-C8 122.45(2) 
Cl1-Zn1-S1 116.54(3) C4-N2-C8 116.94(2) 
Cl2-Zn1-S1 109.72(3) C2-S2-Zn1 100.40(6) 
Cl1-Zn1-S2 111.93(3) N2-C2-C1 116.76(2) 
Cl2-Zn1-S2 116.03(3) N2-C2-S2 122.32(1) 
C1-S1-Zn1 100.27(7) C1-C2-S2 120.91(1) 
C1-N1-C3 120.20(2) N1-C3-C4 108.31(1) 
C1-N1-C5 122.75(2) N2-C4-C3 109.03(1) 
N2-C8-C10 109.06(2) N2-C8-C9 110.74(2) 
C9-C8-C10 112.70(2) C3-N1-C5 117.03(2) 
N1-C5-C6 110.80(3) N1-C1-C2 116.52(2) 
N1-C5-C7 108.30(3) N1-C1-S1 121.92(2) 
C6-C5-C7 112.20(2) C2-C1-S1 121.55(1) 
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Figure 3.6: The molecular structure and crystal packing of 3.4b, thermal ellipsoids 
drawn at the 30% level.  
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Zn1-Cl1 2.21(2) C1-C2 1.51(1) 
Zn1-Cl2 2.22(2) N1-C2 1.32(1) 
Zn1-S2 2.36(2) N1-C4 1.47(1) 
Zn1-S1 2.37(2) N1-C6 1.48(1) 
S1-C1 1.68(9) S2-C2 1.68(8) 
C1-N2 1.32(1) N2-C3 1.45(1) 
C3-C4 1.478(1) N2-C5 1.48(1) 
Cl1-Zn1-Cl2 110.51(2) C2-N2-C8 122.45(2) 
Cl1-Zn1-S1 116.54(3) C4-N2-C8 116.94(2) 
Cl2-Zn1-S1 109.72(3) C2-S2-Zn1 100.40(6) 
Cl1-Zn1-S2 111.93(3) N2-C2-C1 116.76(2) 
Cl2-Zn1-S2 116.03(3) N2-C2-S2 122.32(1) 
S1-Zn1-S2 91.07(2) C1-C2-S2 120.91(1) 
C1-S1-Zn1 100.27(7) N1-C3-C4 108.31(2) 
C1-N1-C3 120.20(2) N2-C4-C3 109.03(1) 
C1-N1-C5 122.75(2) N2-C8-C9 110.74(2) 
N2-C8-C10 109.06(2) C3-N1-C5 117.03(2) 
C9-C8-C10 112.70(2) N1-C1-C2 116.52(2) 
N1-C5-C6 110.8(3) N1-C1-S1 121.92(2) 
N1-C5-C7 108.30(3) C2-C1-S1 121.55(1) 
C6-C5-C7 112.20(2) C2-N2-C4 120.59(2) 
 
These bond lengths are similar to those observed in the structure of  
[ZnCl2(H2dmdto)] (where H2dmdto = N’N’dimethyl-dithio-oxamide), the only known 
zinc dithione complex that has been structurally characterized, as reported by Hofmans 
et.al.69   Both 3.4a and 3.4b exhibit simple packing with two molecules in each cell unit. 
Table 3.16: Selected bond lengths for complexes 3.4b (Å). 
 
Table 3.17: Selected bond angles for complexes 3.4b (°). 
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Compound 3.3b crystallized in the monoclinic crystal system in the P-1 space group. 
There are no known bis(dithiolene) zinc complexes to the best of our knowledge. The 
molecule forms distorted square pyramidal geometry with the first coordination sphere of 
four sulfurs and one chloride group. The degree of distortion,  = ( - )/60, where  is 
the largest angle at the metal center and  is the second largest from perfect pyramidal 
geometry ( = 0, for perfect pyramidal), was estimated to be 0.33°.  
Complex 3.3b exhibited an unusual structure with the zinc atom is raised above 
the S-S plane, to form an umbrella like shape, when viewed sideways. The average C=S 
bond length for this molecule was 1.54Å which is on the lower end of dithione 
complexes, and even shorter than the iPr2Dt
0 ligand C=S bond length. The average Zn-S 
bond length for 3.4a and 3.4b is ~2.36, while for 3.3b, it is shorter by ~0.01Å, indicating 
the ligands in 3.3b are closer to the metal center as compared to the other complexes. The 
C=S bond distance in 3.3b also suggest that the ligand is also in the oxidized state, even 
when coordinated to the zinc metal and the differences in bond length is due to 
coordination to the metal. 
The average dithiolene with fully reduced ligands on the other hand have average 
C-S bond distances (1.727 and 1.732 Å), which are longer by ~0.050 Å. The C-S bond in 
tetrahedral [ZnII(mnt)2]
2-
 are 1.73-1.74Å.
222, 223 The average Zn-S bond distance for 
dithiolene complexes is also ~2.34Å,224 which is shorter than the average Zn-S bond 
distance for the dithione complexes 3.4a and 3.4b, implying strong metal sulfur 
interaction.  
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Figure 3.7:  (A) The molecular structure of 3.3b, with thermal ellipsoids drawn to  
30% level (B) the crystal packing of ZnCl(iPr2Dt
0)2[PF6]. 
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Table 3.18: Selected bond distances (Å) for complex 3.3b.  
Zn1-Cl1 2.21(6) C6-C6i 1.56(3) 
Zn1-S2 2.32(8) C8-C10 1.37(4) 
Zn1-S2i 2.32(8) C8-C9 1.46(3) 
Zn1-S1i 2.34(7) C8-N2 1.50(2) 
Zn1-S1 2.34(7) C7-N2 1.47(2) 
S2-C6 1.54(2) C1-N1 1.27(2) 
C6-N2 1.31(2) C1-C1i 1.61(3) 
N1-C3 1.52(2) C2-C2i 1.36(3) 
 
 
Table 3.19: Selected bond angles (°) for complex 3.3b. 
Cl1-Zn1-S2 109.1(3) C1-S1-Zn1 105.6 (6) N1-C2-H2 120.2 
Cl1-Zn1-S2i 109.1(3) C6-S2-Zn1 103.7 (8) C4-C3-C5 117.0(2) 
S2-Zn1-S2i 84.9(5) N2-C6-S2 121.6 (1) C4-C3-N1 112.1(2) 
Cl1-Zn1-S1i 110.2(3) N2-C6-C6i 117.5 (9) C6-N2-C8 121.3(2) 
S2-Zn1-S1i 140.8(5) S2-C6-C6i 120.8 (8) C7-N2-C8 120.5(2) 
S2i-Zn1-S1i 82.8(5) C10-C8-C9 115 (2) C6-N2-C7 116.7(1) 
Cl1-Zn1-S1 110.2(3) C10-C8-N2 112.5 (2) C2-N1-C3 115.1(1) 
S2-Zn1-S1 82.8(5) C9-C8-N2 110.4 (2) C2i-C2-N1 119.7(8) 
S2i-Zn1-S1 140.8(5) C10-C8-H8 106.1 C2i-C2-H2 120.2 
S1i-Zn1-S1 83.7(4) C1-S1-Zn1 105.6(6) N1-C1-S1 123.8(1) 
S1-C1-C1i 119.3(6) C6-N2-C7 116.7(1) N1-C1-C1i 116.8(8) 
C1-N1-C2 122.0(1) C6-N2-C8 121.3(2) C6-N2-C7 116.7(1) 
C1-N1-C3 121.4(1) C7-N2-C8 120.5(2)   
 
 3.4.3 Electronic Spectra 
The electronic spectra of the copper complexes studied in this chapter are shown 
in Figure 3.8 and 3.10. They both exhibited low energy transitions between 400-800 nm, 
regardless of the ligand used. Copper (I) complexes, 3.1a and 3.2a, exhibited strong 
electronic transition at 529nm (4324 M-1cm-1) and 530nm (4109 M-1cm-1) respectively, 
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with high extinction coefficient due to possible mixing of the ligand and metal molecular 
orbitals. The Cu(II) complexes exhibited a shoulder transition at around the same 
wavelength range. This low energy has also been observed in monoanion copper (I) 
bis(dithiolene) complexes, assigned to metal to ligand charge transfer.225, 226  
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Copper (II) dithiolene with organic molecules as counter ions also exhibit low energy 
transition near IR, attributed to ion pair charge transfer (IPCT).220 Complexes 3.1b and 
3.2b exhibited the same electronic transition of ~548nm (sh, 945 M-1cm-1) and ~547nm 
(sh, 524 M-1cm-1), the low extinction coefficient, indicating less mixing of ligand and 
metal molecular orbital or an indication of d-d transitions. We tentatively assign the high 
energy absorption bands between 200 to 400nm are due to ligand to ligand (L() – L(*) 
transitions, which is in common in the dithiolene complexes.220 
Figure 3.8: Electronic spectra of [Cu(iPr2Dt
0)2][PF6], 3.1a and [Cu(
iPr2Dt
0)][PF6]2, 
3.1b in acetonitrile. 
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The band at ~540  for the Cu(I) complexes, is present in the Cu(II) complexes as a 
shoulder band. This was further investigated by UV-vis in different solvents as shown in 
Figure 3.10 for complex 3.2b.  
Figure 3.9: Electronic spectra of [Cu(Me2Dt
0)2][PF6], 3.2a and [Cu(Me2Dt
0)2][PF6]2, 
3.2b in acetonitrile. 
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Figure 3.10: The molar absorptivities of 3.2b in different solvents showing conversion of 
Cu(II) to Cu(I).   
 
Electronic spectra of 3.2b were obtained in different solvents (THF, MeCN, 
DMF, MeOH and DCM) indicates that the complex is more stable in acetonitrile as 
compared to other solvents and it seems to convert more to Cu(I) in methanol than other 
solvents.  
The group 12 metal dications (Zn(II), Cd(II), and Hg(II)) have a closed shell (d10) 
electronic configuration and therefore the d–d transitions are not possible. The lowest 
energy excited state of such complexes is mainly ligand centered and/or intra-ligand 
transfer, LLCT. Ligand-to-metal charge transfer (LMCT) states are also possible 
involving mainly low-lying metal s or p orbitals of the central metal ion. The 
Zn(dithione) complexes show two strong bands in the high energy band (~318 and ~223 
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nm) and a well developed shoulder at around 418 nm (Figure 3.11). These intense 
absorptions at low energy could be assigned LLCT bands. 
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Figure 3.12: Electronic spectra of Zn(iPr2Dt
0)2[PF6]2, 3.3a  
Figure 3.11: Electronic spectra of and ZnCl2
iPr2Dt
0 , 3.4a and ZnCl2Me2Dt
0 , 3.4b, 
complexes. 
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 3.4.5 Electrochemistry of Copper Complexes 
 The electrochemical properties of 3.1a-3.2b, were investigated by cyclic 
voltammetry in acetonitrile and the electrochemical data is summarized in Table 3.14. 
The copper (I) complexes, 3.1a and 3.2a, exhibit clearly two reversible reduction couples 
and one reversible oxidation couple. On the other hand the Cu(II) complexes, 3.1b and 
3.2b also exhibit reversible couples which are ligand based and one oxidation couple that 
is metal based.  
 
The cyclic voltammogram for representative complex 3.1a is depicted in Figure 
3.13. It exhibits two one electron reduction couples that can be attributed to the reduction 
of the ligand with half wave potentials of -1442 mV and -2081 mV (vs Fc+/Fc). From the 
voltammograms, two clearly defined reduction couple are evident, although there could 
be a third couple in between the two at around -1700 mV. We tentatively assign the three 
couples the reduction of the ligand, however the molecule could be unstable within the 
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Figure 3.13: Cyclic voltammograms of 3.1a recorded in acetonitrile at a scan rate of 
100mV/s. 
 139 
 
voltammetry time scale, therefore showing two couples instead of four for the two 
ligands coordinated to the metal center. An oxidation couple was also recorded at 
167mV, which we have also assigned to the Cu+/Cu2+ oxidation couple. 
Compounds Reduction couples (mV) Oxidation 
E11/2  (EP), mV E21/2 (EP), mV E1/2(EP), mV 
3.1a -1442(116) -2081(101) 168(128) 
3.1b -1330(83) -2014(132) 2(100) 
3.2a -1362(164) -2079(139) 113(102) 
3.2b -1521(163) -2168(203) -160(78) 
 
3.4.6 Electrochemistry of Zinc Complexes 
The electrochemical behavior of the zinc complexes has been investigated in 
acetonitrile. As shown in Figures 3.14-3.16, like the other complexes discussed before, 
the redox couples are also expected to be ligand based. In complex 3.4b, the cyclic 
voltammogram shows clearly defined two reduction couples. The reduction sequence can 
be summarized as in Scheme 3.1 
 
Similar redox sequence takes place in 3.4a. It 
also undergoes two redox couples at E1/2(Ep) 
of   -1785(110) and -1498(124) mV. 
 
Table 3.20: Redox potentials, E1/2 (vs Fc
+/Fc), of complexes 3.1a-3.2b in acetonitrile, 
containing nBu4PF6  as an electrolyte. 
Scheme 3.1: Redox processes of 3.4a 
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The redox couples are also ligand based and in both cases, the first redox potential is less 
negative compared to the second due to the difficulty of adding the second electron. 
Unlike 3.4b, the bis(dithione) zinc complex, 3.3a with the closely related iPr2Dt
0 ligand, 
show ligand centered four one electron redox processes. The cyclic voltammogram of 
3.3a is also presented in Figure 3.15. It shows two clearly resolved redox couples and two 
couples that are not very well resolved. 
Figure 3.14: Cyclic voltammogram recorded at a platinum working electrode in MeCN 
solution of ZnCl2Me2Dt
0, 3.4b, scan rate 100 mVs-1 (A-1) and variable scan rate (A-2) 
and; ZnCl2
iPr2Dt
0, 3.4a; scan rate 100 (B-1) and variable scan rate (B-2).  
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Figure 3.15: Cyclic voltammogram recorded at a platinum working electrode in MeCN 
solution of [Zn(iPr2Dt
0)2][PF6]2, 3.3a, scan rate 100 mVs
-1 (A-1) and variable scan rate 
(A-2) and; [ZnCl(iPr2Dt
0)2][PF6], 3.3b; scan rate 100 (B-1) and variable scan rate (B-2). 
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For the zinc complexes, the unresolved first two couples were well resolve by differential 
pulse voltammetry ( Figure 3.16).  
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From Figure 3.16, there are four redox couples, with first one being a minor one 
compared to the rest three. Since it is not easy to oxidize zinc two, the redox couple must 
be due to reduction of the ligand. The DFT calculations discussed in the next section also 
supports ligand based redox processes since the unoccupied frontier orbitals are mainly of 
dithione ligand character. The four redox couples shown by these ligands is in agreement 
with other bis(dithione) complexes that exhibit clearly defined four reduction couples due 
to the dithione ligand.79, 80 
 
 
Figure 3.16: Differential pulse voltammetry of 3.3b, showing the four ligand based 
redox couples.  
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3.4.6 Theoretical Calculations 
We carried out density functional theory (DFT) calculations on the 
mono(dithione) and bis(dithione) Zn(II) complexes 3.4b and 3.3b respectively, in order 
to understand their electronic spectra and electrochemical properties. Single point DFT 
calculations at B3LYP functional, using X-ray structure coordinates. The electronic 
structure and molecular orbital energy levels are shown in Figure 3.17 and 3.19 for 
complexes 3.4b and 3.3b respectively. As shown in Figure 3.18, the occupied frontier 
orbitals of 3.4b,  HOMO, HOMO-1 and HOMO-2 have more electron density on the 
ligand (chloride) and metal, therefore they have a mixture of metal ligand character, with 
more of the ligand character. Apparently the dithione ligand is not involved in these three 
molecular orbitals. However, although the bis complex, 3.3b its frontier orbital, HOMO 
is predominantly one of the dithione, while the others (HOMO-1, HOMO-2), have both 
ligands and metal involved (Figure 3.20).  
The LUMO on the other hand for the mono(dithione) complex 3.4b, has one 
molecular orbital well separated from the rest of the orbitals as shown in Figure 3.17, and 
Figure 3.18, shows this orbital to be composed of mainly the dithione ligand. The 
bis(dithione) complex 3.3b, has the LUMO dominantly of dithione ligand . LUMO is 
mainly from one of the ligand and LUMO +1 is mainly of the two ligands.  
Although these are preliminary DFT studies, from these results, we can 
tentatively conclude that the observed high energy transition could be from the HOMO to 
LUMO, charger transfer, mainly metal to ligand in 3.4b, but in 3.3b, the observed 
electronic spectra could be due to a charge transfer from ligand to ligand electronic 
transition.  
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 Figure 3.17: Molecular orbital energy diagram for (ZnCl2(Me2Dt
0), 3.4b. 
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Figure 3.18: Frontier molecular orbitals for 3.4b  
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Figure 3.19: The electronic structure of ZnCl(iPr2Dt
0)2][PF6], 3.3b. 
The electrochemical properties of these complexes also were assigned to be 
ligand based redox processes, in agreement with the electronic structure discussed here. 
The redox molecular orbital-145 (Figure 3.20) is mainly of ligand character and its okay 
to point out that the addition of electrons during reduction will go to the unoccupied 
orbitals, which are mainly dithione frontier orbitals and hence ligand reduction instead of 
the metal. 
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Figure 3.20: Frontier molecular orbitals for 3.3b. 
 
The composition of the molecular orbital was also calculated by QM-forge and tabulated 
in table A3 and A4 (appendices). 
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3.5 Conclusion 
A new set of Cu(I) and Cu(II) complexes, together with Zn(II) complexes  
containing dithione ligands have been synthesized and characterized by spectroscopic 
methods and where possible, molecular structure were determined. The complexes were 
conveniently prepared in high yields from corresponding salts. The Cu(I) complexes 
show a metal to ligand low energy charger transfer, while the Zn(II) and Cu(II) 
complexes show a high energy, ligand to ligand electronic transitions.  They both 
undergo ligand based one electron reduction and for Cu(I), addition metal center 
oxidation from Cu(I) to Cu(II). Oxidation of Cu(II) or Zn(II) to Cu(III) or Zn(III) 
respectively was not possible. 
The molecular structure of bis-coordinated Cu(I) and one of the Cu(II) complexes, 
together with mono(dithione) zinc and a bis(dithione) zinc complex were also determined 
by X-ray crystallography. The Cu(I) and Zn complexes exhibit tetrahedral geometry, 
whereas the Cu(II) exhibited square planar geometry, as expected. The Zn(II) 
bis(dithione) complex exhibited a square pyramidal geometry. The crystal structures of 
3.1a and 3.1b exhibit poor packing where one unit cell is occupied two halves of the 
molecule, separated with no intermolecular interactions. Although complexes, 3.4a and 
3.4b, shows a packing of four molecules in one unit cell, they are also well separated 
with no intermolecular interactions.   
We have attempted to elucidate the electronic structure of representative model 
complexes. The HOMO and LUMO frontier orbitals in both 3.4b and 3.3b are dominated 
by ligand orbitals with very small metal orbital contribution, explaining the high energy 
transition that was observed in these complexes. We tentatively assign these to metal 
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ligand, in 3.3b and ligand to Ligand in 3.4b, based on the amount of metal/ligand 
contributions in the composition of molecular orbitals of these complexes.  
The synthesis of these complexes is a step in dithiolene chemistry since they may 
be useful in ongoing investigation into mixed ligand, dithione/dithiolene complexes in the 
development of optical materials. Copper dithione complexes, can easily be tailored to 
produce metal complexes of desired properties, especially complexes that can give rise to 
strong absorption in the near-IR region for applications such as Q-switching infrared 
lasers and nonlinear optics materials. For future work, one way this can be achieved is by 
replacing the counter ion in the complexes discussed here with an anionic dithiolene 
complex.  
Having different substituents on the ligands can also modulate the low energy 
transition by altering the energy levels of the two ligands. This can generate ion-pair 
charge transfer complexes that exhibit near-IR transitions. Mixed ligand complexes can 
have also shown some promise in the development of materials of interest and therefore 
the preparation of the dithione complexes provides some of the required starting 
materials. 
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Chapter 4.0. Syntheses and Characterization of Octahedral 
tris(dithione) Iron and Cobalt Complexes 
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4.1 Abstract  
A series of octahedral iron and cobalt dithione complexes; [Fe(iPr2Dt
0)3][PF6]2, 
4.1a, [Fe(Me2Dt
0)3][PF6]2, 4.1b, [Fe(
iPr2Dt
0)3][PF6]3, 4.2a, [Fe(Me2Dt
0)3][PF6]3, 4.2b,   
[Fe(iPr2Dt
0)3][PF6]2[FeCl4], 4.3a, [Co(
iPr2Dt
0)3][PF6]2, 4.4a and [Co(Me2Dt
0)3][PF6]2, 
4.4b were synthesized from N,N’-dimethyl piperazine-2,3-dithione (Me2Dt0) and N,N’- 
diisopropyl piperazine-2,3-dithione (iPr2Dt
0) ligands and fully characterized with NMR, 
IR, and UV-visible spectroscopy, and mass spectrometry as well as electrochemistry. The 
molecular structures of complexes, 4.1b, 4.3a, 4.4a, and 4.4b were determined by X-ray 
crystallography. They recrystallizes on monoclinic crystal system, space group P2(1)/n. 
Complexes 4.1b on the other hand recrystallizes on monoclinic crystal system, space 
group Pna2(1). Both structures exhibit octahedral geometry and the three coordinated 
ligands in each complex exhibit different dithione fold.  
These complexes exhibit low energy transitions, with Iron complexes exhibiting 
large extinction coefficient, whereas, the cobalt complexes exhibit small extinction 
coefficient. They all exhibit magnetic properties in solution, due to their unpaired 
electrons. 
The electrochemical properties of these complexes have been explored. They 
exhibit complex electrochemical properties. The iron (III) and Co(II) complexes exhibit 
ligand based reduction couples, whereas the Fe(II) complexes exhibit both ligand and 
metal based redox processes, with possible structural reorganization of the molecules 
within the cyclic voltammetry time scale.  
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4.2 Introduction  
 Iron and cobalt complexes of dithiolene ligands have been of interest due to their 
possible electronic and structural properties that have been observed by spectroscopic 
techniques.227-247 Continued interest in the electronic structure of iron-sulfur (Fe-S) 
cluster has also attracted the synthesis and study of iron dithiolene complexes.246, 248-252  
These properties have been associated with the unique dithiolene-metal coordination that 
form metal complexes with electronic and structural properties as stated early in Chapter 
1. 253 Unlike the bis(dithiolene) or mono (dithione) complexes, tris-dithiolene complexes 
with one type of dithiolene ligand (homoleptic) in the form of ML3 (where, L = dithiolene 
ligand), are rare.  
A CSD and Scifinder search (as of March. 2014) reports 77 homoleptic 
tris(dithiolene) complexes, of which only five are iron and eight are cobalt complexes. 
Many of the reported tris(dithiolene) complexes are those of Mo, V, and W, with a few 
reports of Tc, Re, Cr, Os, Ti, Zr, Zn and Cu dithiolene complexes. To the best of our 
knowledge, there are however no reports of tris(dithione) complexes and therefore their 
fundamental properties are not known, or have not been reported 
Tris(dithiolene) complexes [(M(S2C2R2)3]
n-1 (where R = CF3, M = Cr, Mo, W and 
R = CN, M = V, Cr, Mo) were first reported in 1960s by the Holm group.254  Among 
others, the research groups of Eisenberg and Ibers also made early contribution to the 
synthesis of tris(dithiolene) complexes. They reported the synthesis of rhenium, 
molybdenum and vanadium complexes, Re(S2C2Ph2)3, Mo(edt)3, and V(S2C2Ph2)3. 255-257 
Early studies on these complexes mainly involved formulating their electronic structure 
and description of their unique and unusual electrochemical properties. The properties of 
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the tris(dithiolene) complexes have been reviewed99, 258 and more recently a number of 
these complexes or systems have been reinvestigated using modern spectroscopic 
methods, to reveal true electronic properties and other properties that were not obvious 
when they were being investigated. Studies on the early synthesized tris(dithiolene) 
complexes showed trigonal prismatic (TP) coordination geometry in Re(S2C2Ph2)3 
complex, which is unusual in its own merit,253 has triggered interest in the syntheses and 
structures of tris-dithiolene complexes.259,232, 233,256  A majority of the six-coordinated 
complexes exhibit an octahedral geometry to minimize ligand interaction, however in the 
TP geometry steric crowding is not minimized. Dithiolene complexes with the TP 
geometry have been isolated and structurally characterized.258, 260   
 To better describe the different stereochemical arrangements of homoleptic 
tris(dithiolene) complexes, trigonal-prismatic (TP) and octahedral (OCT) geometries, a 
number of parameters have been used. One such parameters is the dihedral angle, which 
is the angle between two SMS planes; a value of 120° imply TP geometry while a value 
of 90° suggest an octahedral geometry. In addition, a structural distortion parameter, 
twist angle (Figure 4.1) can also be used to differentiate the two geometries, where the 
twist angle of 0° represents a perfect TP, and 60° in the case of a perfect OCT 
geometry.261 These complexes will exhibit different redox properties, when the metal 
center is coordinated to either a dithiolene or dithione ligands. 
 Since dithiolene ligands are redox noninnocent as described in Chapter 1, it now 
clear the question of ligand or metal based oxidation can only be ascertained 
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experimentally by spectroscopic methods such as electronic, EPR and Mössbauer 
spectroscopies. 
 
A fully characterized examples of known tris(dithiolene) complexes are the 
dithiocroconate complexes of iron, chromium and cobalt. 96 The spectroscopic and 
electrochemical properties of these complexes, [M(dtcroc)3]3- (dtcroc = 3.4.5-
trioxocyclopent-1-ene-1,2-dithiolato; M= Cr, Fe and Co) have been explored. The Fe(III) 
complex is low spin paramagnetic with a magnetic moment of 2.32B, a deviation from 
spin only magnetic moment (S=1/2), due to orbital contributions associated with 
covalency and delocalization of metal-ligand bonding. ESR spectra of the iron complexes 
also are indicative of six coordinate g-values. Unlike the iron complexes, the cobalt 
complex is diamagnetic and its molecular structure was the first tris(dithiolene) complex 
to be structurally characterized with a perfect octahedron geometry, with an SMS angle 
measuring 90°. 
                                                           Figure 4.1: The twist angle  
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 The dithiolene ligand, maleonitrile dithiolene (mnt) has been a ligand of choice in 
the study of dithiolene complexes and a number of six-coordinated complexes with the 
ligand are also known.93, 95, 260 The Fe(III) complexes of mnt ligand are low spin and 
Co(III) is also diamagnetic. Tris-maleonitrile dithiolene (mnt) complexes of iron are of 
interest due to their unique electronic and molecular structures. The mnt complexes of the 
first row transition metals are very revealing and they are low spin octahedral complexes. 
There are also reports of mixed six coordinated complexes comprising of one or 
two dithiolene and dithiocarbamate ligands. The electronic structure of these complexes 
have been studied with metal based oxidation leading to Fe(IV) and ligand based 
oxidation/reduction forming different redox stated of the ligand.101 Metal dithiolene 
complexes’ electronic structure and spectroscopic properties has been challenging to 
study. The electronic structure is complex to elucidate due to the noninnocent nature of 
the dithione ligands. 
With the advent of better experimental, and computational methods, our 
understanding of the electronic structure and the physical properties associated with 
metal dithiolene complexes, has improved which is crucial for tuning metal complexes 
for possible applications. The coordination chemistry of cobalt with redox noninnocent 
ligands, for instance, has lately been of particular interest in many research groups due to 
their unique properties, such as significant charge delocalization, and high stability.262-265 
the wieghard group,266, 267 for example, has studied Co(III) dithiolene complexes that 
exhibit significant charge delocalization due to the effective nuclear charge of Co(III) that 
brings the metal d-based orbitals down in energy that is comparable to that of the ligand-
based orbitals resulting to a large amount of ligand-to-metal charge transfer in the 
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electronic ground state, making the ligands noninnocent, and hence determination of the 
oxidation state of the metal center difficult. From their extensive studies on Co-
complexes with other redox active ligands, they have also shown that Co-dioxolene 
compounds show valence tautomerization that can be light induced in some cases. The 
properties exhibited by Fe-dithiolene complexes as well as cobalt complexes with other 
redox noninnocent ligands make these complexes possible candidates for consideration in 
the development of molecular switches.268-270 Some of the targeted properties in the 
synthesis of these complexes include the ability of these complexes to absorb in the 
visible-near infrared spectral regions with medium to high molar absorptivities. 
 Due to their inherent stability, cobalt dithiolene complexes have also been 
explored as catalysts for the reductive side of water splitting or in the development of 
catalysts in fuel.271 In their continued studies, the Eisenberg group have reported Co-
dithiolene complexes with active electrocatalyst and photocatalyst, such as 
(Bu4CN)[Co(bdt)2], (where bdt = 1,2-benzenedithiolate). The group has also designed a 
series of complexes with expanded photocatalytic activities.270 By designing these 
complexes and understanding their relative activity provides a means for understanding 
catalysis mechanisms.  
As noted in the previous chapters, dithiolene complexes are redox active and can 
shuttle between, fully oxidized (Dt0) and fully reduced forms (Dt2-). Understanding the 
coordination of iron and cobalt complexes with both extremes of these ligands is 
important in developing spectroscopic properties of Fe-and Co-dithiolene coordination, 
which can serve as spectroscopic signatures for future study of these complexes. In this 
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chapter, we explore the coordination chemistry of fully oxidized dithione ligands to iron 
and cobalt metal centers (see chart 4.1).  
 
 
 
4.3 Experimental 
4.3.1 Materials 
Syntheses of iron complexes were carried out in the dry box under argon 
environment or by using the Schlenk system under dinitrogen gas. The solvents used 
were purified by distillation or purified using Innovative Technology solvent purification 
system and degassed before use. The starting materials, CoCl2.6H2O, anhydrous FeCl2 
and FeCl3 were purchased from Aldrich chemical company and used as purchased. 
Spectroscopic, spectrometric, electrochemical measurements, conductivity and magnetic 
measurements were carried out as outlined in Chapter 2. Elemental analyses were done 
by an outside vendor, at the Midwest Microlab LLC, Indiana, IL. 
 Chart 4.1: Synthesized compounds. 
[Fe(iPr2Dt
0)3][PF6]2, 4.1a 
[Fe(Me2Dt
0)3][PF6]2, 4.1b 
[Fe(iPr2Dt
0)3][PF6]3, 4.2a 
[Fe(Me2Dt
0)3][PF6]3, 4.2b 
[Fe(iPr2Dt
0)3][PF6]2[FeCl4], 4.3a 
 [Co(iPr2Dt
0)3][PF6]2, 4.4a 
[Co(Me2Dt
0)3][PF6]2, 4.4b 
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 X-ray quality crystals were coated with paratone oil and mounted up on crystal 
micromounts, and data was collected using a Bruker SMART Apex II diffractometer. A 
graphite monochromator was used with Mo Kradiation at 0.71073 Å. The absorption 
correction was performed using SADABS program, and structure solution and refinement  
were done using SHELXS-97 and SHEXLX-97 programs. Data was collected at 296 K 
and in some cases at 150K. Crystallographic data of the compounds are listed in Table 
4.1-4.2. In these crystals all nonhydrogen atoms were refined anisotropically. 
 DFT calculations were attempted of Fe(II), 4.1b and Fe(III), 4.3a complexes. The 
calculations were performed using Gaussian 09 software running under Windows.161 
Molecular orbital contributions were compiled from single point calculations using the 
QMForge program.272 In all single-point calculations, Becke’s exchange functional273 and 
the Perdew 86 correlation functional (BP86)274 were used. Wachter’s full-electron basis 
set was used for iron, and for the rest of the atoms, 6-311G(d) basis set was employed. 
The complexes were fully optimized from crystal structure coordinates without any 
restrictions.  
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Table 4.1: Crystal data and structure refinement for 4.1b and 4.3a 
 
Fe(Me2Dt0)3][PF6]2, 
 4.1b 
Fe(iPr2Dt0)3][PF6]2[FeCl4], 4.3a 
Empirical formula C18H30F12FeN6P2S6 C30H54Cl4F12Fe2N6P2S6 
Formula weight 868.69 1234.59 
Temperature/K 150(2) 296 (2) 
Crystal system Monoclinic Monoclinic 
Space group P2(1)/n P2(1)/n 
a/Å 21.87 13.83  
b/Å 6.36 27.05  
c/Å 25.36 14.35 
α/° 90.00 90.00 
β/° 113.67(1) 102.91(2)  
γ/° 90.00 90.00 
Volume/Å3 3231.4(2) 5233.2 (3) 
Z 4 4 
Radiation type Mo Kα Mo Kα 
/mm-1 1.048 1.13 
Crystal size/mm 0.60 × 0.17 × 0.07 0.26 × 0.24 × 0.01  
Reflections collected 112620 61322 
Independent reflections 10862 9270 
No. of parameters 456 571 
No. of reflections 11262 9448 
Goodness-of-fit on F2 1.066 1.42 
Final R indexes  
[I>=2σ (I)] 
R1 = 0.0515, wR2 = 0.1352 
R1 = 0.069, wR2 = 0.221 
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 [Co(Me2Dt0)3][PF6]2, 4.4b [Co(
iPr2Dt0)3][PF6]2, 4.4a 
Empirical formula C18H30CoF12N6P2S6 C30H54CoF12N6P2S6 
Formula weight 871.71 1039.10 
Temperature/K 296 296 
Crystal system Monoclinic Monoclinic 
Space group Pna2(1) P2(1)/n 
a/Å 12.60 18.73 
b/Å 20.85 12.12 
c/Å  13.30 26.59 
α/° 90 90.00 
β/° 90 108.72 
γ/°  90 90 
Volume/Å3 3497.70(9) 5233.2(3) 
Z 4 4 
Radiation type Mo Kα Mo Kα 
/mm-1 1.03 1.13 
Crystal size/mm 0.10 × 0.06 × 0.01 0.26 × 0.24 × 0.01  
Reflections collected 11628 93989 
Independent reflections 6209 18107 
No. of parameters 416 668 
Data> 2σ(I) 3157 8517 
Rint  0.077 0.151 
Final R indexes  R1 = 0.083, wR2 = 0.248 R1 = 0.119, wR2 = 0.345 
Goodness-of-fit on F2 0.60 1.60 
 
 
 
  
Table 4.2: Crystal data and structure refinement for 4.4a and 4.4b. 
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4.3.5 Syntheses of Iron and Cobalt Complexes 
Synthesis of [(Fe(iPr2Dt0)3][PF6]2, (4.1a). In a Schlenk flask, 0.05g (0.39 mmol) of 
anhydrous FeCl2 was dissolved in 10mL of methanol and stirred for 10 minutes to form a 
clear solution, after which 0.18 g (0.789 mmol) of the ligand in 5mL chloroform was 
added, turning the reaction mixture green. Into the reaction mixture, excess sodium 
hexaflourophosphate was added. The reaction mixture was stirred for 10 minutes after 
which a green precipitate was filtered, and dried under vacuum to obtain analytically pure 
product. Yield: 100% (0.30g). Anal. Calcd (Experimental) for C30H54F12FeN6P2S6: C, 
34.75 (34.69); H, 5.25 (5.15); N, 8.10(8.07). FTIR (in neat, cm-1): 1491 (vs, C-N), 1312 
(vs, C=S), 816 (PF6)., 
1H NMR (CD3CN): = 5.36 (m, 6H, CH), 3.73 (s, 12H, CH2), 1.35 
(d, 18H, CH3); max(MeCN, M-1cm-1): 923(1,693); 805(1,628); 593(sh, 361); 362(sh, 
4,612); 305(6,459); 218(11,235). 
Synthesis of [Fe(Me2Dt0)3][PF6]2, (4.1b). Into a dry Schlenk flask, 0.25g (2.0 mmol) of 
anhydrous FeCl2 was dissolved in 10 mL of methanol. Into the reaction mixture, 0.70g 
(4.0mmol) of Me2Dt
0 ligand in 5mL of chloroform was added at room temperature. The 
reaction mixture turned green almost instantaneously upon addition of the ligand. The 
mixture was then stirred for another 10 minutes, after which the product was precipitated 
upon addition of excess sodium hexaflourophosphate (3.3g, 20mmol). The product was 
isolated by filtration and washed with chloroform (3 x 1mL) to obtain analytically pure 
product. Yield: 73% (1.44mmol, 1.25g). Calcd (Experimental) for C18H32F12Fe1N6P2S6: 
C, 24.89 (24.60); H, 3.48 (3.43); N, 9.67 (9.46); FTIR (in neat, cm-1): 1520 (vs, C-N), 
1364 (vs, C=S), 837 (PF6)., 
1H NMR (CD3CN): = 3.82(s, broad, 16H, CH2), 3.56 (s, 
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broad, 18H, CH3). max(MeCN, M-1cm-1): 887(3,197); 779(3,137); 349(8, 920); 
292(10,386); 216(20,653).  
Synthesis of [Fe(iPr2Dt0)3][PF6]3 (4.2a). Compound 4.2a was synthesized starting from 
Fe(ClO4)3.6H2O solution in methanol. Into a Schlenk tube under nitrogen, 110 mg (230 
mmol) of Fe(ClO4)3.6H2O was dissolved in 50 mL of methanol, forming a brown 
solution. Into this solution was added three equivalents of iPr2Dt
0 (160 mg, 0.694mmol). 
A dark green solution was formed and the product was precipitated by addition of sodium 
hexaflourophosphate in three fold excess. The final product was filtered to obtain 
analytically pure product, yield 0.13g. Calcd (Experimental) for C30H54F18FeN6P2S6: C, 
30.49 (32.02); H, 4.61 (4.73); N,7.11 (7.44); FTIR (in neat, cm-1): 1520 (vs, C-N), 1356 
(vs, C=S), 833 (PF6). 
1H NMR (CD3CN): = 5.20 (br, CH), 3.53 (s, CH2), 1.24(d, CH3); 
max(MeCN, M-1cm-1): 657(sh, 3,794); 537(sh, 5,177); 353(28,217); 292(30,651). 
Synthesis of [(Fe(Me2Dt0)3][PF6]3, 4.2b.  This compound was also synthesized by 
starting material, Fe(ClO4)3.6H2O solution in methanol. Into a Schlenk tube under 
nitrogen, 190 mg (440 mmol) of Fe(ClO4)3.6H2O was dissolved in 50 mL of methanol, 
forming a brown solution. Into this solution was added three equivalents of Me2Dt
0 (220 
mg, 0.126 mmol). A dark green solution was formed and the product obtained by 
precipitating out on addition of NaPF6 in three fold excess. Yield 0.13g. Calcd 
(Experimental) for C18H30F18FeN6P2S6: C, 21.33(22.73); H, 2.98 (3.08); N, 8.29 (8.69);  
FTIR (in neat, cm-1): 1520 (vs, C-N), 1348 (vs, C=S), 829 (PF6). 
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Synthesis of [Fe(iPr2Dt0)3][PF6]2[FeCl4], (4.3a). In this route the compound 4.3a was 
synthesized starting with anhydrous FeCl3 (0.650mmol), which was dissolved in 10 mL 
of methanol and stirred for 30 minutes before adding three equivalents of the iPr2Dt
0 
ligand (1.3mmol). The yellow FeCl3 solution in methanol turned greenish in color on 
addition of ligand. The final product was precipitated on addition of sodium 
hexaflourophosphate and a green powder isolated by filtration, washed with methylene 
chloride to obtain analytically pure solid. Yield: 57% (0.2895g). Anal. Calcd 
(Experimental) for C30H54Cl4F12Fe2N6P2S6: C, 29.19(30.01); H, 4.41(4.95); N, 
6.81(6.93); FTIR (in neat, cm-1): 1515 (vs, C-N), 1356 (vs, C=S), 825 (PF6), 
1H NMR 
(CD3CN): = 26.89 (s, broad), 24.38 (s, broad), 4,86 (m, broad, 6H, CH), 2.83(s, Broad, 
12H, CH2), 0.52 (d, broad, 36H, CH3); max(MeCN, M-1cm-1): 648(sh., 2,284); 
541(2,852); 358(15,705); 297(16,120); 224(19,781). 
Synthesis of  [Co(iPr2Dt0)3][PF6]2 (4.4a).  Into a dry Schlenk flask, 52mg (0.217mmol) 
of CoCl2.6H2O was dissolved in 3 mL of THF and 100mg of 
iPr2Dt
0 (0.434mmol) 
dissolved in 5mL THF was added, followed by addition of two equivalents of sodium 
hexaflourophosphate (73mg, 0.4mmol) dissolved in 3mL of THF. The reaction mixture 
was then stirred for 1hr, reduced in volume by vacuum, layered with ether and kept in the 
cold (4°C) overnight, precipitating the product, that was filtered to obtain first crop of 
brown orange final product. The filtrate was again reduced in volume and layered with 
ether to obtain another crop of powdered product. Yield: 68% (150mg). Calcd 
(Experimental) for C30H54CoF12N6P2S6 + 3NaPF6: C, 23.34(22.52),H, 3.53(3.36); N, 
5.44(5.20);  FTIR (in neat, cm-1): 1520 (vs, C-N), 1364 (vs, C=S), 829 (PF6); 
1H NMR 
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(CD3CN):= 5.17(br. 6H, CH), 3.84(br. 12H, CH2), 1.38(d, 18H, CH3).  max(MeCN, M-
1cm-1): 931(321); 598(657); 503(2295); 407(8278); 293(11843); 226(12623). 
Synthesis of [Co(Me2Dt0)3][PF6]2 (4.4b). 100mg (0.420mmol) of CoCl2.6H2O was 
dissolved in 50mL of methanol and into it was added a solution of 150mg of Me2Dt
0 
(0.840 mmol) in 3mL methylene chloride and reaction mixture left to stir for 10 minutes. 
The product was precipitated on addition of 200mg (1.19mmol) of sodium 
hexaflourophosphate. The precipitate was then filtered and product was dried in vacuum 
to obtain 380mg of final product. Yield: 70%. Calcd (Experimental) for 
C18H30CoF12N6P2S6: C, 24.80(24.72), H, 3.47(3.48); N, 9.64(9.13);  FTIR (in neat, cm
-1): 
1520 (vs, C-N), 1348 (vs, C=S), 829 (PF6)., 
1H NMR (CD3CN): = 8.34(br. 12H, CH2), 
3.08 (s, broad, 18H, CH3). max(MeCN, M-1cm-1): 788(550); 584(1774); 493(4380); 
402(10361); 304(18793); 223(21718). 
4.4 Results and Discussion 
4.4.1 Syntheses and Characterization 
The two iron (II) complexes were synthesized by reacting a methanolic solution 
of anhydrous FeCl2 with corresponding dithione ligand in excellent yields. They were 
isolated as green solids soluble in acetonitrile, THF, DMSO, MeOH and DMF. They are 
very stable in solid state and in solution for more than a month. Iron (III) complexes 4.2a 
and 4.2b, were synthesized from Fe(ClO4)3.6H2O as dark greenish solids. They are also 
stable in solid state, but in solution, 4.2b, is slowly reduced to Fe(II) in air for a period of 
less than four to five days. The brownish solutions of 4.2b, turned green on reduction to 
Fe(II), while the color of 4.2a did not change at all even when left in the air for more than 
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five days. Compound 4.3a was synthesized from anhydrous FeCl3, by reacting a 
methanolic solution of FeCl3 with three equivalents of the 
iPr2Dt
0 ligand. Unlike the other 
two Fe(III) complexes with three PF6
- as counter ions, 4.3a had FeCl4
- as the third 
counter ion and two PF6
- counter ions. It is also stable in solution for many days. All the 
iron complexes are soluble in acetonitrile, DMSO and DMF and are slightly soluble in 
methanol or ethanol. In general, iron (III) complexes with the Me2Dt
0 ligand, are less 
stable in air compared to iron(II) complexes, lasting for less than five days, while 
iron(III) complexes are stable for more than five days in air. 
In addition, cobalt(II) complexes, 4.4a and 4.4b, were synthesized from 
CoCl2.6H2O, by reacting a THF solution of CoCl2.6H2O with three equivalents of the 
corresponding ligand. The products were precipitated by sodium hexaflourophosphate 
salt. They were found to be stable in air and in solution. They were obtained in good 
yields of 60-70% yield and are soluble in polar solvents namely acetonitrile, THF, 
DMSO and slightly soluble in methanol or ethyl alcohol. 
1H NMR spectra were recorded for all the complexes. Iron (II) complexes, 4.1a 
and 4.1b exhibited peaks with chemical shifts slightly different from those of the free 
ligand due to coordination. While on the other hand 4.2a-4.4b shows broad peaks, with 
4.3a showing a complex NMR spectra with peaks of the ligand and two extra peaks 
upfield at26.89 and  24.38 ppm (Table 4.3) due to the presence of two paramagnetic 
metal centers (FeCl4
-).  
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Compd C= S C-N PF6 , ppm 
4.1a 1312 1491 817 5.36(m, CH), 3.73(s, CH2), 1.35(d, CH3) 
4.1b 1364 1519 837 3.82(s, CH2), 3.56(s, CH3) 
4.2a 1356 1520 833 5.20(br, CH), 3.53(s, CH2), 1.24(s, CH3) 
4.2b 1348 1520 833 3.72(s, CH2), 3.42(s, CH3) 
4.3a 1356 1516 825 26.89(br.), 24.38(br.), 4.86(CH), 2.83(CH2), 0.52(CH3) 
4.4a 1364 1520 829 5.17(CH), 3.84(CH2), 1.39(CH3) 
4.4b 1348 1520 829 8.3(CH2),  3.08(CH3) 
 
IR spectra for the complexes indicate the presence of the C=S coordination, 
implying that the coordinated ligands are still in the fully oxidized state. In general, there 
is an increase in vibration frequency with an increase in oxidation state of the metal from 
+2 to +3, indicating that the ligands are tightly coordinated at a higher oxidation state. 
Conductivity measurement for 4.1a, 4.1b, 4.4a and 4.4b shows a 2:1 electrolyte ratio, 
while that of 4.2a-4.3a indicating a 3:1 electrolyte, implying that the metal centers are in 
+2 and +3 oxidation states, respectively. 
4.4.2 X-ray Structure Descriptions 
Recrystallization was attempted for all the complexes, but only complexes 4.1b, 
4.3a, 4.4a and 4.4b, yielded X-ray quality single crystals. They both recrystallized via 
slow diffusion of dry ether into acetonitrile solutions of the complex. The crystals were 
stable in air or when coated with paratone oil. The molecular structures of these 
complexes were determined using Mo K radiation at 296K. The molecular structures 
are shown in Figures 4.2-4.5, and selected bond lengths and angles are also listed in 
Tables 4.4-4.7, displaying the relevant bond distances and bond angles respectively. 
Table 4.3: IR and 1H NMR data for the synthesized complexes 
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Complexes, 4.1b and 4.3a both crystallize in monoclinic crystal system in P21/c 
space group. The first coordination sphere of the metal center consists of three bidentated 
dithione ligands, adopting a distorted octahedral geometry. The neutral ligands coordinate 
through the sulfur atoms. The average S-Fe-S angle of 96.66°, which is more than the 
ideal 90° angle for octahedron geometry. As in 4.1b, complex, 4.3a, consists of 
[Fe(iPr2Dt
0)3]
3+ with two PF6
- and one FeCl4
- anions. It also adopts an octahedral 
geometry, with the neutral ligands coordinating through the sulfur atoms with an average 
S-Fe-S angle of 90.03°, which is very close to the ideal 90°angle for an octahedron. 
 The average Fe-S distance for 4.1b is 2.25 Å, while that in 4.3a is 2.26 Å, with a 
difference in bond length of ~ 0.01 Å. There is no difference in the C=S bond length 
which is ~1.68 Å. This is in agreement with reported distances for structurally 
characterized complexes with ligands coordinating through the C(=S)-C(=S) unit.14, 275, 
276 Dithiolene complex [Fe(mnt)3]
n-, (where mnt = maleonitrile dithiolate) with octahedral 
geometry is known, and compared to the complexes studied here, this dithiolene complex 
displays longer C-S bond lengths, with an average Fe-S and C=S bond length of 2.26 and 
1.72 Å.277,278 Compared to this complex, the dithione complexes’ shorter distance is due 
to the double C=S bond character, suggesting that the ligands are still in the oxidized 
state or in dithione form even after coordination. 
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Figure 4.2: Molecular structure of 4.1b (top), with thermal ellipsoids drawn at the 30% 
level, hydrogen and counter ions are omitted for clarity. Packing diagram of 4.1b 
(bottom). 
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The average bite angle for structurally characterized dithiolene complexes is 89°, 
which is larger than the average bite angle of 4.1b of 87.2°.A number of dithiolene 
complexes with fully reduced ligands have a trigonal prismatic geometry as opposed to 
the octahedral geometry of the dithione complexes in this study. 
 
C1-C2 1.49(5) C4-N1 1.46(4) C9-C10 1.49(5) 
C1-N1 1.33(4) C5-N2 1.46(5) C9-N4 1.46(4) 
C1-S2 1.69(3) C6-N1 1.46(5) C10-N3 1.46(4) 
C2-N2 1.33(4) C7-C8 1.48(4) C11-N4 1.47(5) 
C2-S1 1.68(3) C7-S3 1.68(3) C12-N3 1.46(4) 
C3-N2 1.46(5) C8-S4 1.68(3) C13-N5 1.33(4) 
C16-N5 1.47(4) C3-C4 1.50(5) C13-S5 1.68(3) 
S1-Fe1 2.24(9) C7-N3 1.33(4) S6-Fe1 2.25(8) 
S2-Fe1 2.26(9) C14-N6 1.34(4) S4-Fe1 2.26(9) 
S3-Fe1 2.26(8) S6-Fe1 2.25(8) C17-N6 1.45(4) 
 S5-Fe1 2.26(9) C8-N4 1.32(4) C18-N5 1.45(4) 
 
 
 
 
 
 
 
 
Table 4.4: Selected bond lengths (Å) for 4.1b. 
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Table 4.5:  Selected bond angles (°) for 4.1b. 
C2-C1-S2 118.1(2) C7-C8-S4 118.9(2) S3-Fe1-S5 86.1(3) 
N2-C2-S1 122.4(3) N4-C8-S4 122.4(2) S4-Fe1-S2 85.0(3) 
N1-C1-S2 122.4(3) C14-C13-S5 118.6(2) S4-Fe1-S5 92.1(3) 
C1-C2-S1 119.0(2) N5-C13-S5 122.8(2) S6-Fe1-S2 93.9(3) 
C8-C7-S3 118.9(2) C13-C14-S6 118.6(2) S6-Fe1-S3 172.5(4) 
N3-C7-S3 122.2(2) S3-Fe1-S4 88.0(3) S6-Fe1-S4 88.8(3) 
S6-Fe1-S5 87.2(3) C2-S1-Fe1 105.1(1) S1-Fe1-S5 94.6(4) 
S6-Fe1-S4 88.8(3) C2-S1-Fe1 105.1(1) C14-S6-Fe1 104.6(1) 
S6-Fe1-S5 87.3(3) C1-S2-Fe1 103.7(1) S1-Fe1-S4 171.8(4) 
S2-Fe1-S5 177.71(4) C7-S3-Fe1 106.4(1) S1-Fe1-S2 87.2(3) 
S3-Fe1-S2 92.60(3) C8-S4-Fe1 105.8(1) S1-Fe1-S3 87.8(3) 
S1-Fe1-S6 96.24(3) C13-S5-Fe1 102.9(1)   
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Figure 4.3: The molecular structure of 4.3a, with thermal ellipsoids drawn at 30% 
level. The counter ion and hydrogen are omitted for clarity. 
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Fe1—S1 2.26(1) Fe1—S3 2.26(1) Fe1—S5 2.26(1) 
Fe1—S2 2.26(1) Fe1—S4 2.25(1) Fe1—S6 2.27(1) 
S1—C1 1.68(5) S3—C11 1.70(5) S5—C21 1.69(5) 
S2—C2 1.68(5) S4—C14 1.69(5) S6—C22 1.67(5) 
C1—C2 1.50(7) C5—C6 1.47(1) C5—N1 1.50(7) 
C1—N1 1.32(6) C3—N2 1.47(8) C8—N2 1.48(7) 
C4—N1 1.47(7) Fe2—Cl2 2.17(3) Fe2—Cl3 2.15(3) 
C15—C16 1.49(1) C5—C7 1.50(1) Fe2—Cl4 2.17(2) 
Fe2—Cl1 2.17(3) C4—C3 1.49(9) C15—N4 1.50(7) 
 
S4-Fe1-S1 89.7(6) S5-Fe1-S2 89.3(6) Cl4-Fe2-Cl2 109.1(2) 
S4-Fe1-S5 93.3(6) S3-Fe1-S2 88.6(6) Cl3-Fe2-Cl1 108.6(2) 
S1-Fe1-S5 174.6(6) S4-Fe1-S6 88.0(5) Cl4-Fe2-Cl1 111.6(1) 
S4-Fe1-S3 89.4(5) S1-Fe1-S6 87.5(6) Cl2-Fe2-Cl1 106.0(2) 
S1-Fe1-S3 92.9(6) S5-Fe1-S6 88.1(5) C11-S3-Fe1 104.3(2) 
S5-Fe1-S3 91.6(6) S3-Fe1-S6 177.3(6) C22-S6-Fe1 105.4(2) 
S4-Fe1-S2 176.8(6) S2-Fe1-S6 94.1(6) C14-S4-Fe1 105.3(2) 
S1-Fe1-S2 87.9(5) C11-C14-S4 119.1(3) C21-S5-Fe1 103.0(2) 
C22-C21-S5 117.6(4) N2-C2-S2 122.8(4) C1-S1-Fe1 105.9(2) 
N6-C22-S6 123.4(4) C21-C22-S6 118.2(3) C2-S2-Fe1 106.5(2) 
N4-C14-S4 122.4(4) C1-N1-C4 120.0(5) N2-C8-C10 110.9(6) 
C29-C28-N6 110.9(7) C1-C2-S2 118.6(4) C26-C25-N5 110.4(8) 
Cl3-Fe2-Cl4 108.1(12) C14-N4-C13 119.3(5) C2-C1-S1 118.5(3) 
Cl3-Fe2-Cl2 113.5(2) C14-N4-C15 121.5(4) N1-C4-C3 109.7(5) 
C11-N3-C18 122.7(5) N1-C1-C2 119.0(4) N6-C28-C30 109.6(7) 
C12-N3-C18 117.7(5) N1-C1-S1 122.4(4) C21-N5-C24 119.8(5) 
 
Complexes 4.3a and 4.1b have an average M-S bond distance of 2.26 and 2.25 Å, 
respectively. The bond distance does not vary significantly a change in oxidation state 
from Fe(III) to Fe(II). However there is significant difference in the cobalt complexes, 
Table 4.6: Selected bond lengths (Å) for complex 4.3a. 
Table 4.7: Selected bond angles (Å) for 4.3a. 
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although the metal center is in the same oxidation state. The cobalt complexes exhibit 
small C-S distances compared to Fe-S distances. The difference in M-S of ~0.1 Å in iron 
complexes could be mainly due to distortion of the crystal structures, since the three 
ligands exhibit different dithiolene folding for better bonding or maximum overlap of the 
bonding orbitals. 
 
The complexes exhibit dithiolene folding, a structural characteristic exhibited by 
dithiolene complexes as discussed in Chapter 2 above. They exhibit ligand fold along the 
S-S vector as shown in Figure 4.4 above for [Fe(Me2Dt
0)3][PF6]2 complex. The fold angle 
is not uniform for all the three ligands in the structural units, since they have different 
fold angle. The fold angles of structurally characterized tris(dithiolene) complexes 
containing other dithiolene ligands and those discussed here are compared below (Table 
4.8) 
 
Figure 4.4: The molecular structure of 4.1b, showing the dithiolene fold angle in the 
three coordinated ligands. 
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Compound Fold angle,  (°) Reference 
Mo(bdt)3 (d0) 16.1, 22.6, 30.3 279 
[Mo(S2C2Me2)3]n (d0)  n = 0, 15.9, (d1)  n= -1, 4.0 
(d2)  n = -2, 0.9 
109, 280 
[Fe(iPr2Dt0)3][PF6]2[FeCl4] (d5)  0, 18.73, 12.40 This work 
[Fe(Me2Dt0)3][PF6]2 (d6)  3.38, 23.93, 24.90 This work 
[Co(iPr2Dt0)3][PF6]2 (d7)  1.20, 4.48, 12.33 This work 
[Co(Me2Dt0)3][PF6]2 (d7)  2.26, 5.21 This work 
 
From the fold angles of these complexes, it is evident that some aspect of dithiolene 
bonding is hard to predict. The folding could be varying due to the geometry of the 
molecule, the electronic structure of the metal ion, or even crystal packing. Therefore the 
dithiolene fold can not be attributed to any one of these parameters. 
The structures of complexes 4.4a and 4.4b were determined by X-ray 
crystallography at 150K. Crystallographic details are provided in Table 4.3. Both 4.4a 
and 4.4b recrystallizes in the monoclinic crystal system, in space group, Pna2(1) and 
P2(1)/n respectively. The cobalt center in both complexes is coordinated by three 
chelating neutral dithione ligands. These complexes also adopt an octahedral geometry 
around the central metal ion or first coordination sphere. Complex 4.4a exhibit a distorted 
octahedral geometry with an average S-Co-S angle of 97.56°, which is more than the 
ideal 90° angle for perfect octahedron geometry in this complex. However the average S-
Co-S angle in 4.4b is 90°, defining a perfect octahedral geometry. Figures 4.5 and 4.6 
show the structures of 4.4a and 4.4b. A summary of selected bond lengths and angles are 
presented in Tables 4.9-4.12. 
Table 4.8: The dithiolene fold angle of structurally characterized tris(dithiolene) 
complexes. 
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The average bond lengths for C=S is 1.494, Co-S is 2.32 and C-N is 1.44, while in 
4.4a, the average C=S bond length is 1.69 and the C-N bond is 2.24. Although the metal 
center is in the same oxidation state, complex 4.4b, has shorter C=S bond length, 
compared to 4.4a, implying that the Me2Dt
0 ligand in 4.4b coordinates better than iPr2Dt
0 
in 4.4a. The rest of the bond lengths for these complexes are in the same range as those of 
other structurally characterized dithione complexes. 
Table 4.9: Selected bond lengths for 4.4a (Å) 
S1-Co1 2.22(1) C11-12 1.51 (1) N2-C4 1.49(1) 
S2-Co1 2.22(2) C21-22 1.47 (1) C2-C1 1.50(1) 
S3-Co1 2.23(1) N1-C1 1.31 (9) N4-C15 1.50(9) 
S4-Co1 2.23(2) N1-C3 1.45 (1) C3-C4 1.49(1) 
Co1-S5 2.23(2) N6-C22 1.32 (9) N4-C12 1.30(9) 
Co1-S6 2.23(1) N5-C21 1.31 (9) C13-C14 1.50(1) 
S1-C1 1.69(7) N6-C28 1.49 (1) N4-C14 1.47(9) 
S2-C2 1.69(7) N5-C25 1.47 (1) N6-C23 1.48(1) 
S3-C11 1.69(7) N5-C24 1.47 (1) N1-C8 1.51(1) 
S4-C12 1.69(7) C21-22 1.47(1) N2-C2 1.30(9) 
C21-S5 1.71(7) N3-C13 1.45 N2-C5 1.48(1) 
C22-S6 1.69(8) N3-C18 1.459 (9) N3-C11 1.32(9) 
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Figure 4.5: The molecular structure of 4.4a, with thermal ellipsoids at 30% level. 
Hydrogen and counter ions omitted for clarity. 
 177 
 
N2-C2-C1 119.4(6) C12-N4-C14 120.1(6) S5-Co1-S6 90.17(7) 
C5-N2-C4 119.2(6) C12-N4-C15 122.3(6) S1-Co1-S4 90.26(7) 
C1-N1-C3 120.7 C14-N4-C15 117.4(6) S2-Co1-S4 178.71(8) 
C1-N1-C8 119.4(6) C11-N3-C18 122.8(6) S3-Co1-S4 90.21(7) 
C3-N1-C8 119.8(6) C1-S1-Co1 105.4(2) S5-Co1-S4 91.50(8) 
C2-S2-Co1 104.5(2) C11-S3-Co1 104.1(2) C22-C21-S5 118.8(5) 
C12-S4-Co1 104.8(2) S1-Co1-S2 90.36(7) N6-C22-S6 121.4(5) 
N3-C11-S3 119.0(6) S1-Co1-S3 91.03(8) C21-C22-S6 118.8(5) 
C12-C11-S3 122.7(5) N2-C2-S2 121.8(6) N4-C14-C13 110.8(6) 
N4-C12-C11 118.2(5) C1-C2-S2 118.8(5) C21-S5-Co1 109.5(6) 
N4-C12-S4 118.6(6) N1-C1-C2 119.2(6) C22-S6-Co1 104.0(3) 
C11-C12-S4 123.8(5) N1-C1-S1 122.7(6) S2-Co1-S6 91.41(8) 
S2-Co1-S3 88.65(7) C2-C1-S1 118.1(5) S3-Co1-S6 179.37(9) 
S1-Co1-S5 177.69(8) N1-C3-C4 110.3(7) N5-C21-C22 118.4(6) 
S2-Co1-S5 87.91(8) C3-C4-N2 112.6(7) N5-C21-S5 122.7(6) 
S3-Co1-S5 90.46(7) N2-C5-C6 108.5(7) S1-Co1-S6 88.35(7) 
  S6-Co1-S4 89.73(7)   
 
From the structurally characterized tris(dithiolene) complex, [Co(dtcroc)3]
3-, the 
average Co-S distance is 2.265(2) Å.96  Compared to 4.4a, the bond lengths are slightly 
longer than in 4.4b, and the structure has three longer Co-S bonds of ~2.50Å and other 
three shorter Co-S bond lengths of ~2.15Å, indicating variable metal-ligand -bonding 
coordnation.  
 
Table 4.10: Selected bond angles(°) of 4.4a. 
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Figure 4.6: The molecular structure and crystal packing of 4.4b, with thermal 
ellipsoids shown in 30% level. Hydrogen and counter ions omitted for clarity. 
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Table 4.11: Selected bond lengths for complex 4.4b (Å).  
Co1-S2 2.10(8) C7-N3 1.31(2)  
Co1-S5 2.14(1) N6-C14 1.34(2)  
Co1-S7 2.16(8) C1-N1 1.36(1)  
Co1-S1 2.48(3) C2-N2 1.28(1)  
Co1-S6 2.51(3) C16-C15 1.46(2)  
Co1-S8 2.52(3) C13-C14 1.55(2)  
S1-C1 1.68(1) C2-C1 1.56(1)  
S2-C2 1.30(1) S7-C14 1.24(1)  
S5-C7 1.36(1) C8-N4 1.28(2)  
S8-C13 1.70(1) N4-C10 1.56(3)  
S6-C8 1.69(1) N3-C12 1.40(3)  
C8-C7 1.51(2) N5-C13 1.32(2)  
 
S2-Co1-S6 171.1(2) N5-C13-14 115.3(1) C2-N2-C5 123.7(1) 
S2-Co1-S5 91.2(3) C4-C3-N1 112.4(1) C2-N2-C4 119.9(1) 
C8-S6-Co1 97.5(4) S5-C7-C8 120.8(1) C5-N2-C4 115.5(1) 
N2-C2-S2 122.1(9) N4-C8-C7 121.4(1) C2-S2-Co1 123.8(6) 
N5-C13-S8 126.1(1) N4-C8-S6 118.6(1) C7-S5-Co1 118.0(8) 
N3-C7-C8 121.2(1) C7-C8-S6 119.9(7) C13-S8-Co1 97.7(4) 
C2-N2-C5 123.7(1) N3-C7-S5 118.0(1) C14-S7-Co1 123.6(8) 
C1-N1-C3 122.1(1) S2-C2-C1 116.7(8) C13-N5-C17 120.0(1) 
C1-N1-C6 119.3(1) C3-C4-N2 114.2(1) C13-N5-C16 118.8(1) 
C3-N1-C6 117.7(1) N1-C1-S1 123.4(8) C7-S5-Co1 118.0(8) 
N1-C1-C2 116.6(9) C2-C1-S1 119.8(6) C7-N3-C9 116.0(2) 
 
The average M-S bond length for the tris cobalt Co(II), is 2.29 and 2.32 Å for 
4.4a and 4.4b complexes respectively.  
Table 4.12: Selected bond angles (°) for complexes 4.4b  
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4.4.3 Electronic absorption spectra 
4.4.3.1 Iron Complexes 
Electronic absorption spectra of the complexes were investigated in acetonitrile 
and representative spectra are shown in Figure 4.7. The electronic spectra of the rest of 
the compounds are tabulated in Table 4.12. The Fe(II) complexes, 4.1a and 4.1b, exhibit 
a broad band between 750 and 1200 nm, which is not due d-d transition because of high 
molar absorptivity as shown in Table 4.2. The low energy band could be due to MLCT. 
Similar low energy bands have been exhibited by known Fe(II) complexes, coordinated 
to carbonyls and dithiooxamide ligands.276  
Iron (III) complexes 4.2a-4.3a also exhibited a broad shoulder bands between 
590-800 nm and a broad band between 800-1000 nm, with lower molar absorptivity, but 
higher than that of characteristic of d-d transition (Table 4.13). The higher extinction 
coefficient shown in these complexes at the d-d low energy transitions could be due to 
the orbital mixing between the ligand and the metal orbitals. 
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Based on the high intensities for Fe(II) low energy transitions, we tentatively assign these 
transitions to charge transfer bands. More than one transition can be inferred at the low 
energy region of the spectrum of Fe(II) complexes, which is also evident in Fe(III) 
complexes as a shoulder bands. A detailed theoretical analysis will however be necessary 
to understand these transitions. 
The high extinction coefficient has also observed in dithiolene complexes due to 
charge transfer (CT) transitions from a HOMO (mixture of dithiolate, ligand π orbitals 
and the metal d-orbitals) to LUMO, which is a-orbital on the dithiolate, that are 
characteristics of metal-d8 bis(dithiolene) complexes.95, 281 Complexes with fully reduced 
Figure 4.7: Electronic spectra of [Fe(iPr2Dt
0)3][PF6]2, 4.1a and 
Fe(iPr2Dt
0)3][PF6]2[FeCl4], 4.3a in acetonitrile. 
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dithiolene ligands in both Fe(III) and Fe(IV), exhibit low energy near-IR  transitions 
(Table 4.9).  
 
4.4.3.2 Cobalt Complexes 
The electronic spectra of complexes 4.4a and 4.4b are shown in Figure 4.8. These 
two complexes exhibit broad shoulder bands between 750-100nm. This low energy with 
low molar absorptivity is typical of cobalt complexes, which exhibit very low molar 
absorptivity. In the visible region, both complexes also show similar band around 400 
nm, that could be due to charge transfer involving molecular orbital of the C=S character, 
similar to that observed in dithiolene complexes, assigned to * transition.282 
Table 4.13: Electrochemical properties of dithiolene complexes. 
Compound max, nm(, M-1cm-1) Ref. 
[Fe(IV)(mnt)
3
]
2-
  806(3,300), 609(1,100), 404(8,000), 247(75,000)  
95 
[Fe(III)(mnt)
3
]
3-
  990(700), 714(1,100), 602(sh, 1,200), 363(37,000), 250(84,000)  
95 
[Fe(IV)(S
2
C
6
Cl
4
)
3
]
2-
 1333(2680), 769(5320), 545(3820), 363(25,450), 288(63,100)  
233 
      [Fe(iPr2Dt0)3][PF6]2 
4.1a 
923(1,693); 805(1,628); 593(sh, 361); 362(sh, 4,612);  
305(6,459); 218(11,235) 
 
[Fe(Me2Dt0)3][PF6]2 
4.1b 
887(3,197); 779(3,137); 349(8, 920); 292(10,386); 
 216(20,653) 
 
[Fe(iPr2Dt0)3][PF6]3 
4.2a 
657(3794); 537(5177); 353(28217); 292(30651)  
[Fe(Me2Dt0)3][PF6]3 
4.2a 
882(2308); 529(2103); 342(15577); 281(15623)  
[Fe(iPr2Dt0)3][PF6]2[FeCl4] 
4.3a 
648(sh., 2,284); 541(2,852); 358(15,705); 297(16,120); 
224(19,781) 
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In cobalt complexes, this low energy transitions have been observed in bis(dithiolene) 
cobalt complexes.283 Unlike dithione complexes the dithiolene cobalt complexes 
transitions are at even lower energy or near IR. They also exhibit broad bands due to 
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Figure 4.8: The electronic spectra of 4.4a (top)  and 4.4b (bottom) in acetonitrile.   
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multiple transitions from the different spin densities, characteristic of Co(II) complexes. 
They also exhibit broad bands that could be due to multiple transitions. 
4.4.4 Electrochemistry of Iron and cobalt complexes 
4.4.5.1 Iron complexes 
The electrochemical properties of Fe(II) (4.1a and 4.1b) and Fe(III) (4.2a, 4.2b 
and 4.3a) complexes were investigated by cyclic voltammetry in MeCN solutions. The 
Fe(II) complexes 4.1a, 4.1b and Fe(III), 4.2a exhibit well defined four reversible 
reduction couples and one electron oxidation couple within the solvent electrochemical 
window (~ -800 to -1800 mV). On the other hand the 4.2b exhibited five reduction 
couples, and six reduction couples were observed in 4.3a. The redox potentials are 
tabulated in Table 4.14 and a representative cyclic voltammogram for 4.1b is presented in 
Figure 4.9. The rest of the voltammograms are shown in the appendices (B3-B7) 
The cyclic voltammograms of the rest of the complexes are shown in Appendix B. 
The four reduction couples in 4.1a and 4.1b, could be attributed to the ligand centered 
redox processes (R1-R4) as shown in scheme 4.1. 
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As shown in Figure 4.9, the reduction potentials R1-R4, becomes more negative as one 
electron is added to the system since it becomes more difficult to add an electron. Since 
there are three fully oxidized ligands, six redox processes were expected. However, it is 
not clear why that is not the case. One of the factors in play here could be due to the 
instability of the molecules or the rest of the redox processes could be outside the 
electrochemical solvent window. Reducing all the three ligands on the complexes could 
also result to an overall charge of 6-, which could lead to an electron imbalance in the 
overall charge of the complex. After an overall charge of 4-, on the ligands, it could be 
hard to add a 5th and hence 6th electron that could be at a very high negative, beyond the 
solvent window. The redox potentials of 4.1a are more negative than those exhibited by 
4.1b. In 4.1b, the first reduction couple has at -891 mV has a very small peak to peak 
potential of 15mV, an indication of possible two electron reduction, while the other three 
are possibly one electron reduction. The reduction of the three ligands would result in the 
overall negative charge of 6-, which could lead to charge imbalance and that could be one 
reason why we could not record six redox couples as expected. As the overall charge of 
4-, the potential is high negative due to the difficulty in addition of the fourth electron. 
Scheme 4.1. Ligand centered redox processes indicating the reduction of fully oxidized 
dithione (Dt0) to partially reduced dithiolene (Dt-). 
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The difference could be due to the electron donating ability of the isopropyl groups 
compared to that of the methyl groups in the ligand. Complexes 4.1a and 4.1b also 
exhibit one electron reversible, metal based oxidation, Fe2+/Fe3+ in addition to the four 
reduction couples. 
 
 
 
 
 
Figure 4.9: Cyclic Voltammogram of 4.1b in MeCN solution containing 
[(tBu)4N][PF6] at 23°C with a scan rate of 100mV/s and potential referenced to Fc
+/Fc. 
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Complex 4.1a show one irreversible reduction at around -1272 mV, that we could 
not ascertain why. Complex 4.2a also exhibits four reversible redox couples, while 4.2b 
and 4.3a exhibit five and six redox processes respectively. The first redox process of 4.2b 
and the first two redox processes of 4.3a, could be ligand or metal centered. The first two 
reduction couples of 4.3a could be due to reduction of the two metal centers (Fe3+/Fe2+). 
Likewise one of the five reduction couple in 4.2b, could also be associated to the 
reduction of Fe3+/Fe2+.  
From the DFT calculations discussed at the end of this chapter, the unoccupied 
frontier orbitals are ligand centered, also suggesting that the ligands are in the fully 
oxidized form and hence they can be reduced under cyclic voltammetry. 
4.4.5.2 Cobalt Complexes 
Table 4.14: Redox potentials (mV) of iron complexes. 
 Reduction  oxidation 
Complex E11/2 
(Ep) 
E21/2 
(Ep) 
E31/2 
(Ep) 
E41/2 
(Ep) 
E51/2 
(Ep) 
E61/2 
(Ep) 
E1/2 
(Ep) 
4.1a -916 
(82) 
-1272 
irr 
-1423 
(78) 
-1759 
(192) 
- - 40 
(77) 
4.1b -891 
(15) 
-1250 
(68) 
-1546 
(58) 
-1706 
(68) 
- - 120 
(74) 
4.2a -168 
(97) 
-1302 
(77) 
-1760 
(184) 
-2137 
(168) 
- - - 
4.2b -59 
(61) 
-1279 
(75) 
-1632 
(94) 
-1912 
(60) 
2082 
(78) 
- - 
4.3a -226 
(171) 
-567 
(221) 
-1351 
(116) 
-1673 
(11) 
1857 
(102) 
2095 
(94) 
- 
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The redox properties of the Co(II) complexes were also investigated by cyclic 
voltammetry, in acetonitrile solution containing [tBu4N][PF6] as supporting electrolyte 
using a platinum working electrode, platinum wire as auxiliary electrode and Ag/AgNO3 
as reference electrode. The potentials were also referenced against Fc+/Fc couple. Figure 
4.10, shows the cyclic voltammogram of 4.4a. The voltammogram shows six redox 
couple within the -400 to -2500 mV potential window. The last three couples are clearly 
defined one electron reversible redox processes, while the other three are not so well 
distinguished.  
The possible redox sequence could be one electron reduction of the ligand and 
since there are three ligands, possibly a total of six redox couples (Scheme 4.1). The 
redox processes could imply a possible reduction sequence of the three ligands since they 
are fully oxidized. In both cobalt complexes, the oxidation of Co2+ to Co3+ was not 
observed, within the voltammetry time scale. 
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Figure 4.10: Cyclic voltammogram of 4.4a recorded in acetonitrile at a scan rate of 
100mV/s (A), at variable scan rate (B) and differential pulse voltammogram recorded 
in MeCN solution with a cathodic scan rate of 20 mV/s (C). 
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The possible six redox couples were (Figure 4.10), were further investigated with 
differential pulse voltammetry (Figure 4.10C). The voltammogram shows four major 
reduction couples (1, 4, 5 and 6) and two minor (2 and 3) ones. The difference in the 
intensity of the peaks of the peaks could be due to the existence of more than one redox 
active species in the solution mixture, within the voltammetry time scale. The redox 
processes also do not vary with changes in the scan rates, as the scan rate is varied from 
100 to 700 mVs-1.  
 
  Table 4.15: Redox potential (mV) of Cobalt complexes, 4.4a and 4.4b. 
 
Complex 
E
1
1/2 
 E1P)(mV) 
 
E
1
1/2
 E
2
1/2
 E
3
/2
 E
4
1/2
 E
5
1/2
 E
6
1/2 
 
4.4a -580(74) -743(174) -942(128) -1097(74) -1376(69) -1938(111) 
4.4b -509a -1193(102) -1872(155) -2250(148) - - 
aIndicates irreversible reduction potential. 
 
The reduction potential of the two complexes are shown in table 4.15 below. In 
case of 4.4b, the compound undergoes three one electron reversible redox couples and 
one irreversible reduction potential, both we attribute to ligand based reductions. The two 
Scheme 4.1. Ligand centered redox processes indicating the reduction of fully oxidized 
dithione (Dt0) to fully reduced dithiolene (Dt2-) 
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compounds tend to support different electrochemical processes. Unlike 4.4a, all the four 
reduction potentials are more negative except the first one, which is less negative 
compare to 4.4a. This is unexpected since the diisopropyl substituent is a more electron 
donating ligand, than the methyl group, hence the potentials of 4.4a should be more 
negative than those of 4.4b. One reason could be molecular reorganization. The two 
irreversible reduction potentials in 4.4b and the unusual voltammogram in 4.4a could 
also be due to the fact that the molecules form stable species when two of the ligands are 
reduced or the molecules are not very stable in the cyclic voltammetry time scale. Furth 
electrochemical analysis will be necessary to better explain the redox chemistry of the 
two cobalt complexes. 
In comparison to the dithiolene complexes, the electrochemical behavior of 
neutral complexes [M(dphedt)3] (M = V, W, Re and dphedt = 1,2-dphenyl-1,2-
ethenedithiolate), display electrochemical sequence [M(dphedt)3]
3-/2-/-/0. 150  For instance, 
[W(dphedt)3] exhibits in dmf solution two reversible one electron reductions. Both the 
neutral derivative and its monoanionic complex, possess a trigonal prismatic geometry, 
and the passage from [W(dphedt)3]
- to [W(dphedt)3]
0 involves an increase of the W-S, S-
C, and C=C distances by 0.03 and 0.02, respectively. It seems evident that also in this 
case either the metal or the ligand is involved in the electron transfer process.  This is 
different from the kind of electrochemistry exhibited by our complexes, an indication that 
the two forms of ligands (dithione, Dt0 and dithiolene, Dt2-), can offer different redox 
behavior. 
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4.4.5 Magnetochemistry 
The effective magnetic moment of Fe(II), Fe(III) and Co(II) complexes were 
determined by the Evans method at 298°C in acetonitrile solution and the results are 
shown in Table 4.7 below. At that temperature, the eff of Fe(III) complexes was 
determined to be ~6.23-6.46 B, indicative of a high spin S = 5/2 ground state.  
 
 
Compound 
magnetic momentB  Conductivity 
Calculated (s) Observed d
n M (Ohm-1cm2mol-1)
[Fe(iPr2Dt0)3][PF6]2, 4.1a 4.90 2.88 6 235 
[Fe(iPr2Dt0)3][PF6]3, 4.2a 5.92 6.46 5 354 
[Fe(Me2Dt0)3][PF6]3, 4.2b 5.92 6.23 5 376 
[Fe(Me2Dt0)3][PF6]3FeCl4, 4.3a 5.92 5.87 5 383 
[Co(iPr2Dt0)3][PF6]2, 4.4a 3.88 3.12 7 254 
[Co(Me2Dt0)3][PF6]2, 4.4b 3.88 3.23 7 248 
The Iron (II) complexes on the other hand exhibited a magnetic moment of 2.88 
that could be due to high spin Fe(II) (S = 3/2). Likewise the Co(II) complexes are also 
indicates high spin (S=3/2) with magnetic moment of ~3.12 uB. and ~3.23 uB for 4.4a and 
4.4b respectively. 
The molar conductivities of these complexes was also measure in acetonitrile and 
the electrolyte ratio determined from established conductivity ranges in different 
Table 4.16: The conductivity and magnetic moment of the synthesized complexes (at 
298K).
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solvents.208 The molar conductivity M) of Fe(III) complexes, indicates a 3:1 electrolyte 
ratio and Fe(II) and Co(II) also show a 2:1 electrolyte ratio. 
4.5 Theoretical Studies 
Density functional theory (DFT) calculations were performed using Gaussian 09 
suite. 161 Geometry optimizations were performed for 4.1b and 4.3a starting from X-ray 
geometries. The calculations were performed with the BP86 exchange-correlation 
functional, using Wachter's full-electron basis set were for Iron and 6-311G(d) for the 
rest of the atoms. From the optimization energy, both complexes preferred high spin 
ground state, with Fe(III), sextet (S=5/2) and Fe(II) quintet (S=2) having the lowest 
optimization energy (Table 4.17) 
The molecular orbital energy diagram and representative spin densities of frontier 
molecular orbitals are shown in Figures 4.10 and 4.11.  The spin density of 4.3a for the 
first two molecular orbitals (HOMO and HOMO-1) is primarily located on the iron atom 
and sulfur of two of the ligands (Appendix A1). 
 
Spin 
Energy (hartree) 
[Fe(Pr2Dt0)3][PF6]2[FeCl], 4.3a Spin [Fe(Me2Dt0)3[PF6]2, 4.1b 
HS(S=5/2) -5156.05140024  HS(S=2) -4685.00174332 
IS(S=3/2) -5156.07015808  IS(S=1) -4685.03540281 
LS(S=1/2) -5156.10372315  LS(S=0) -4685.07334071 
 
The HOMO is mainly Fe(16%), with the sulfur on two of the ligands having a 
spin density of ~23% each. The other ligand has only 6.5% spin density on the sulfur 
Table 4.17: Optimization energies (hartree) 
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atom. Likewise HOMO-1 is mainly Fe(16%), with the sulfur on one of the ligands having 
a spin density of ~31%  and the other one ~12%. 
 The HOMO and HOMO-1 are well separated from the rest of the molecular 
orbitals (Figure 4.12). The spin density of the LUMO frontier orbitals is mainly located 
on the ligand orbitals, with LUMO spin density more dominant of two of the ligands and 
LUMO+1 on different ligands from those of LUMO.  From these calculations, the low 
energy transition exhibited by 4.3a could be due to the MLCT, with the high molar 
absorptivity due to metal and ligand orbital mixing. Since there are two different spin 
densities, there are different transitions and hence the broad bands. 
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Figure 4.11:  Molecular orbital and Electronic scheme of [Fe(iPr2Dt
0)3]
3+, 4.3a (, 
blue, , black) from BL3LYP, DFT calculations.  
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Table 4.18: Pictorial representations of the frontier orbitals of [Fe(iPr2Dt0)3]3+, 
4.3a.
-Spin  -Spin 
 
200-HOMO 
 
199-HOMO-1 
 
 
195-HOMO-2 
 
194-HOMO-3 
 
198-HOMO-4 
 
197-HOMO-5 
 
 
193-HOMO-6 
 
192-HOMO-7 
 
196-HOMO-8 
 
195-HOMO-9 
 
 
191-HOMO-10 
 
190-HOMO-11 
 
 
196-HOMO-12 
 
193-HOMO-13 
 
 
188-HOMO-14 
 
189-HOMO-15 
 
192-HOMO-16 
 
191-HOMO-17 
 
 
187-HOMO-18 
 
186-HOMO-19 
LUMO 
 
201-LUMO 
 
202-LUMO+1 
 
 
196-LUMO 
 
197-LUMO+1 

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Unlike 4.3a above, the electronic structure of compound 4.1b, has two molecular 
orbitals (HOMO and HOM-1) of the -spin, less separated from the rest of the molecular 
orbitals compared to that of the -spin. The spin density of these HOMO-orbitals are 
dominated by the metal orbitals and two of the ligands, with little contribution from the 
third ligand. The LUMO frontier orbitals have spin density of the ligand character. Based 
on these results, the low energy band in the electronic spectra could also be attributed to 
the metal to ligand charge transfer. 
 
 
 
 
Figure 4.12: Electronic structure of [Fe(Me2Dt
0)3]
2+, 4.1b showing select molecular 
orbitals (blue,  and red, ). 
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-Spin  Spin 
 
152-HOMO 
 
151-HOMO-1 
 
 
148-HOMO-2 
 
147-HOMO-3 
 
150-HOMO-5 
 
149-HOMO-5 
  
 
146-HOMO-6 
 
145-HOMO-7 
 
148-HOMO-8 
 
147-HOMO-9 
 
 
144-HOMO-10 
 
143-HOMO-11 
 
146-HOMO-12 
 
145-HOMO-13 
 
 
142-HOMO-14 
 
141-HOMO-15 
 
144-HOMO-16 
 
143-HOMO-17 
 
 
140-HOMO-18 
 
139-HOMO-19 
LUMO  
 
153-LUMO 
 
154-LUMO+1 
 
 
149-LUMO+2 
 
150-LUMO+3 
 
 
The % composition of the molecular orbitals was calculated by QM-Forge and are 
listed in Table A1 and A2 (appendices), the HOMO  is dominated by the Fe-S orbitals 
and corresponding LUMO by mainly sulfur orbitals, with very little iron contribution. 
The DFT-predicted electronic structure of 4.3a supports ligand-centered reduction 
Table 4.19: Pictorial representations of the frontier orbitals of [Fe(Me2Dt
0)3]
2+, 4.1b. 
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processes in agreement with experimental electrochemical data, since the ligand orbitals 
are the empty orbital to be filled with electrons and hence the redox orbitals. From the 
molecular orbital contributions in the bonding of the ligands, it is evident that one of the 
ligands in both structures has less contribution. The four couples and not six couples 
exhibited by these complexes could be due to the fact that one of the ligands has high 
spin density and hence cannot accept more electrons or due to the electron delocalization 
to the ligand and hence not being reduced. 
4.6 Conclusion 
In this chapter, we report the syntheses and full characterization of octahedral 
dithione complexes. The two slightly different dithione ligands were used and iron 
complexes isolated in two oxidation states, whereas, the cobalt complexes were only 
isolated in their Co(II) oxidation state. Attempts to synthesize Co(III) complexes failed 
and different approach and starting material may be useful. Four of the complexes were 
characterized structurally and they all exhibited octahedral geometry. All complexes were 
characterized spectroscopically (such as optical, NMR, IR), as well as by magnetic 
susceptibility measurements, conductivity and electrochemical measurements. 
The Fe(II) complexes exhibit low energy bands that are near IR region, which we 
have assigned to metal to ligand charge transfer in origin, with high extinction 
coefficients due to ligand and metal orbital mixing as was seen in the DFT calculations. 
Their electrochemical behavior implies extensive ligand based reduction and oxidations 
are metal based. Atleast four reduction couples are evident in the voltammograms. Two 
complexes however showed ligand based reductions containing six redox processes as 
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expected due to the three fully oxidized ligands that can be reduced two electrons.  The 
six or four reduction couples assigned to ligand reductions could be depended on the 
molecular reorganization. Further investigation could however reveal the other 
differences in the number of redox processes for these complexes. Therefore further 
electrochemical investigation of these complexes will be crucial. 
Tris(dithione) cobalt complex reported here, one of them exhibit octahedral 
geometry while the other one distorted octahedral. Their electronic spectra also exhibit 
broad low energy transitions, which are also seen in dithiolene cobalt complexes. Unlike 
the iron dithione complexes, these complexes exhibited broad transitions with low 
extinction coefficient, typical of cobalt complexes. They also exhibit broad high energy 
bands, indicating the presence of multiple transitions. The cobalt complexes exhibit six 
reduction couples that are ligand based, implying that the cobalt (II) complexes are more 
stable even with reduction of the ligand with the cyclic voltammetry window.  
The electronic structure of the Fe(II) and Fe(III) complexes was predicted by DFT 
and the HOMO and LUMO frontier orbitals are mainly a mixture of both ligand and 
metal orbitals. The metal orbitals however dominate the first two frontier HOMO orbital 
and the ligand dominates the frontier orbitals of the LUMO. With this electronic 
structure, we can tentatively conclude that the one electron reductions are due to addition 
of electrons to the ligand based LUMO orbitals.  
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CHAPTER 5.0. Summary and Future Work 
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5.1 Summary 
This work is a continuation of our effort to understand dithione chemistry parallel 
to well developed work on dithiolene coordination. From this study, dithione 
coordination to Mo resulted in high fold angle that seems to change the electronic 
structure of the metal center and possibly their reactivity to different substrates. This 
study also demonstrates that the oxidation state of the dithiolene ligand could influence 
the substrate selectivity.  
Dithione ligands can stabilize metal centers (Cu, Co, Zn, and Fe) with both high 
and low oxidation states and they offer unique structural and spectroscopic properties. 
The copper dithione complexes, exhibit low energy transition that depends on the 
oxidation state of the metal center. Copper (I) exhibit low energy transition, which is 
absent in copper (II). The zinc complexes on the other hand exhibit higher energy 
transition, mainly due to ligand to ligand charger transfer. The electrochemistry of these 
complexes, exhibit two major couples and a third minor peak. The redox orbitals in the 
zinc complexes are mainly ligand based. 
The iron and cobalt complexes also exhibit low energy transition, which in these 
complexes is near IR. The electronic transition is also depended on the oxidation state of 
the metal center. Iron (II) exhibit broad transition that could be due to multiple 
transitions. The electrochemistry of these complexes is unique, with four one electron 
redox couple. These complexes exhibit electrochemical properties that are also depended 
on the oxidation state.  
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5.2. Future Direction 
 In the future we it will be necessary to complete the synthesis of dithione 
complexes in both first and second row transition metals and explore their suitability in 
the synthesis of mixed ligand dithione/dithiolene complexes. With fully characterized 
complexes, it will also be helpful to understand the coordination chemistry of the dithione 
complexes by probing the M-S bonding by X-ray absorption, resonance Raman and EPR 
where applicable. 
To be able to better understand the electronic transition exhibited by these 
complexes, detailed time depended DFT (TD-DFT) calculations should be carried out in 
the future for complexes in both oxidation states, to isolate different transitions in the 
broad bands exhibited by these complexes.  
Since mixed ligand complexes (dithione/dithiolene) have shown to exhibit 
nonlinear optical properties, more of such complexes should be synthesized from the 
complexes characterized here to develop such complexes. Understanding the electronic 
and structural properties will be crucial in the development of material science that is the 
center of these studies.  
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 A. DFT calculations 
A.1 Composition of molecular orbitals for [Fe(iPr2Dt0)3][PF6]2[FeCl4], 4.3a. 
Where, Fe, S1, S2 and S3 denotes the Fe and S fragments from three ligands and L1, L2 
and L3, the contribution of the rest of the atoms (N, C and H). Sy is the symmetry of the  
orbitals 
 
MO E, eV Sy Fe S1 L1 S2 L2 S3 L3 
-Spin, [Fe(iPr2Dt0)3][PF6]3, 4.3a 
210 -6.039 A 10.78 12.46 24.16 7.44 15.76 8.96 19.33 
209 -6.488 A 24.38 5.85 19.30 8.33 8.49 7.73 25.32 
208 -6.594 A 15.61 6.90 14.42 17.48 20.89 5.68 6.71 
207 -6.883 A 47.11 2.24 8.70 5.44 23.05 3.36 9.36 
206 -7.553 A 6.43 5.58 32.59 3.18 2.17 6.44 43.35 
205 -7.696 A 3.10 3.83 17.73 9.57 34.49 2.76 13.09 
204 -8.057 A 9.42 6.34 25.67 5.75 19.24 4.93 20.79 
203 -10.341 A 5.70 24.24 59.40 2.48 0.87 3.27 3.83 
202 -10.473 A 5.78 1.41 4.10 8.47 7.39 22.75 47.86 
201 -10.563 A 3.06 2.44 1.57 21.26 42.67 2.97 11.72 
HOMO – LUMO gap ---     2.437 eV 
200 -13.000 A 15.73 6.51 2.38 23.46 8.88 25.50 13.97 
199 -13.014 A 15.82 31.09 16.56 12.60 4.36 12.34 5.53 
198 -14.239 A 0.51 32.11 15.71 9.11 4.97 23.92 12.40 
197 -14.341 A 1.04 11.68 9.70 21.59 15.36 121.45 18.77 
196 -14.396 A 0.86 26.90 14.45 21.90 10.74 16.87 7.79 
195 -14.650 A 4.39 16.33 9.43 26.48 13.01 17.55 11.92 
194 -14.774 A 7.00 17.89 15.08 19.85 5.76 18.01 15.42 
193 -14.893 A 8.97 19.88 9.65 15.32 13.18 21.67 10.79 
192 -15.201 A 6.37 15.65 8.05 28.57 9.94 20.11 8.06 
191 -15.687 A 9.17 26.19 12.40 16.39 7.81 16.45 10.11 
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Spin, [Fe(iPr2Dt0)3][PF6]3 
MO E, eV Sy Fe S1 L1 S2 L2 S3 L3 
205 -7.556 A  3.57  5.46    19.15    10.08    29.56     3.97    15.39  
204 -7.817 A  9.11 5.78    23.27     7.17    23.22     4.20    17.71  
203 -9.096 A 25.55  6.07     4.02    16.93    12.46    12.61    15.00 
202 -9.131 A 25.13  17.80    21.17     9.58     4.38    10.39    10.07 
201 -10.059 A 15.60    18.22    31.18     6.11     7.07     8.49    11.66  
200 -10.217 A 16.10   12.17    19.12     4.04     2.73    19.27    24.37 
199 -10.373 A 11.93 5.67     5.79    22.11    23.55     9.81    13.97 
198 -11.089 A 57.97 5.28     7.51     7.82     4.56     5.17     9.56  
197 -11.115 A 43.16 3.74    19.00     1.65    17.06     6.99     4.11 
196 -11.196 A  43.33 5.41     8.28     4.56     8.46     1.69    25.29 
HOMO - LUMO gap ---     2.850 eV 
195 -14.046 A 0.65 31.29    15.87     9.27     5.04    23.70    12.81  
194 -14.141 A 1.28 11.21     7.64    22.96    16.91    21.86    17.73  
193 -14.182 A 1.09  25.93    14.08    22.07    10.95    17.66     7.57 
192 -14.688 A 8.47  19.57     8.16    25.56     9.85    17.46     9.23  
191 -14.932 A 8.34  14.98     8.92    18.21     8.34    27.69    12.37  
190 -15.070 A  12.31    20.56    15.76    14.09     3.41    17.55    13.02  
189 -15.272 A 14.32  17.97     6.56    30.78     9.93    11.94     6.17  
188 -15.409 A 9.41    23.25    11.77    10.34     4.62    26.00    13.65  
187 -15.637 A  7.64    16.00    14.52    19.70    15.65    15.65    13.04    
186 -15.968 A 23.08    26.25    11.38    17.55     5.20    11.89     4.39  
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A.2 Composition of molecular orbitals for [Fe(Me2Dt0)3][PF6]3, 4.1b 
Where, Fe, S1, S2 and S3 denotes the Fe and S fragments from three ligands and L1, L2 
and L3, the contribution of the rest of the atoms (N, C and H). Sy is the symmetry of the  
orbitals 
MO E, eV Symm Fe S1 L1 S2 L2 S3 L3 
-Spin, [Fe(Me2Dt0)3][PF6]3 
162 -3.687 A 11.84     8.30    28.66     4.19     9.75     7.01    30.26 
161 -4.082 A  18.82      5.16     19.40      8.81    41.39     2.26      4.16 
160 -4.175 A 24.31     3.50    15.52     9.07     9.42     5.73    32.44  
159 -4.634 A 51.56     2.53     6.33     3.86    27.32     1.97     6.43  
158 -4.906 A 11.34     5.39    43.27     4.77     1.35     4.13    29.75  
157 -5.162 A 5.47     5.80    26.49     2.34    16.80     8.19    34.91 
156 -5.259 A 13.66     1.13     8.69     9.40    53.42     1.62    12.09 
155 -8.105 A 17.71     8.78     3.51    24.02    21.03    14.49    10.47 
154 -8.168 A 9.68    15.03    19.22    10.08     5.71    15.28    24.98 
153 -8.271 A 2.85    2.85    2.85    2.85    24.46     7.01    14.74 
HOMO - LUMO gap ---     0.879 eV 
152 -9.150 A 11.70     8.50    11.79    23.66    28.23     6.61     9.53 
151 -9.613 A 16.81    20.85    16.85     2.57     1.25    22.07    19.60  
150 -11.598 A 0.94    28.30    12.42     8.75     7.06    29.88    12.65 
149 -11.804 A 9.19    24.09    15.86     9.95     2.62    24.55    13.74 
148 -11.865 A 3.14    19.66    11.56    19.10     9.58    21.58    15.38 
147 -12.011 A 8.55    12.13     6.80    39.44    18.12    10.43     4.53  
146 -12.093 A 8.98    19.75    11.55    23.69    10.05    16.30     9.67 
145 -12.353 A 15.05    15.62     6.88    21.14    17.53    16.61     7.18  
144 -12.574 A 5.47    20.76    10.35    23.06     8.64    20.96    10.77  
143 -13.049 A 11.89    23.42    12.54    10.10     3.19    28.23    10.64  
142 -13.081 A  8.77     20.03     9.39    23.56    12.12    14.13    12.01 
 
 
 
 
 
 
 
 
 
 
 234 
 
MO E, eV Symm Fe S1 L1 S2 L2 S3 L3 
-Spin, [Fe(Me2Dt0)3][PF6]3 
158 -4.565 A 23.24     3.37    32.64     6.01     6.85     2.97    24.92 
157 -4.613 A 16.58     6.57    13.75     4.23    18.69     9.99    30.20  
156 -5.023 A 23.86     1.18    10.24     8.51    43.16     1.28    11.77 
155 -6.379 A 27.29     7.76     4.43    11.70    10.64    19.44    18.74 
154 -6.482 A 27.52    18.89    16.24    14.06    13.73     6.41     3.16 
153 -7.178 A 20.76    11.64    16.16    10.27    15.30    11.20    14.67 
152 -7.530 A 14.58    13.21    22.63     4.45     2.29    15.52    27.33 
151 -7.820 A   7.67       7.72      11.76    23.16    34.84       6.17     8.67  
150 -8.390 A 45.62     7.22    13.89     6.47     5.09     6.98    14.73  
149 -8.498 A 36.84     4.81    16.24     3.84    16.73     4.87    16.68 
HOMO - LUMO gap ---     2.649 eV 
148 -11.148 A 36.32    14.37    11.78    10.84     3.44    12.82    10.42 
147 -11.329 A  1.32     23.75     10.84    13.14    10.29    28.52    12.13 
146 -11.600 A 4.29    18.57     8.95    28.20    13.28    20.37     6.34  
145 -11.641 A 2.42    24.57     9.54    20.32    12.83    20.06    10.26 
144 -12.280 A 12.45    14.76    10.83    25.24    15.15    12.85     8.73 
143 -12.387 A 6.19    26.20    11.64    12.55     4.84    25.49    13.08  
142 -12.715 A  25.91     15.09    13.27     10.84      4.56     16.80     13.53  
141 -12.827 A 11.81    12.75     5.71    42.08    10.12    12.05     5.48  
140 -12.931 A 11.18    32.20    13.42     4.44     2.27    28.33     8.15 
139 -12.997 A  7.76     8.36    10.32    18.16    17.41    17.36     20.63  
138 -13.449 A 20.17    26.63     7.08    17.04     3.29    20.97     4.83  
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A.3 Composition of molecular orbitals for [ZnCl(iPr2Dt0)2][PF6], 3.3b 
Where, Zn and Cl denotes the molecule fragments and Sy, the symmetry 
of the molecular orbitals. L1-S, L2-S, L1-N, L2-N, L1-CH and L2-CH, denotes the 
corresponding fragments from Ligands 1 and 2. 
 
MOs E, eV Sy Zn L1-S L2-S L1-N L2-N L1-CH L2-CH Cl 
154 -1.584 A 0.76  2.97  4.96  0.48  6.15  34.53  50.12  0.03 
153 -1.594 A 3.17  2.03  0.99  2.17  0.44  25.15  65.97  0.08 
152 -1.793 A 47.3  10.49  11.11  0.44  0.94  14.83  14.75  0.15 
151 -1.810 A 7.47  2.63  4.18  0.55  1.65  23.63  59.78  0.12 
150 -2.734 A 42.5  6.65  6.80  1.87  2.08  18.64  21.32  0.11 
149 -3.343 A 0.45  18.24  3.02  1.87  1.31  67.46  7.62  0.03 
148 -4.394 A 0.31  1.29  14.43  0.86  0.16  6.51  76.38  0.06 
147 -4.745 A 2.19  13.39  21.26  4.79  13.23  14.25  30.75  0.14 
146 -5.497 A 3.78  16.40  4.71  17.83  10.27  31.81  14.96  0.25 
145 -7.001 A 0.25  3.67  0.44  10.19  0.15  84.15  1.15  0.00 
------HOMO-LUMO gap ----- 0.605 eV------ 
144 -7.607 A 1.39  5.57  0.60  13.90  0.75  76.67  1.08  0.05 
143 -8.621 A 1.78  3.45  3.96  1.38  1.23  0.97  1.14  86.08 
142 -8.668 A 1.87  4.70  3.97  0.26  0.15  1.41  1.37  86.28 
141 -9.037 A 4.28  28.58  35.10  2.17  1.51  12.27  16.08  0.00 
140 -9.162 A 3.29  5.24  31.73  5.18  22.41  3.46  19.50  9.20 
139 -9.386 A 9.91  19.23  5.44  16.67  1.97  9.39  2.57  34.83 
138 -9.915 A 0.11  29.13  28.37  11.17  9.28  11.03  10.90  0.02 
137 -0.151 A 4.65  33.96  30.54  2.64  2.26  11.11  11.38  3.45 
136 -0.201 A 7.98  20.28  6.80  17.43  3.61  12.99  10.56  20.35 
135 -0.573 A 8.75  23.48  37.41  5.00  5.36  6.05  11.13  2.81 
134 -0.827 A 3.91  30.30  29.62  11.17  8.33  8.24  8.32  0.12 
133 -11.681 A 23.8 5.0  29.1 9.0  18.0 8.96  3.43  1.69  
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A.4 Composition of molecular orbitals for [ZnCl2(iPr2Dt0)], 3.4a. 
Where, Zn, Cl, S, N and CH, denotes the molecule fragments and Sy, the symmetry 
Of the molecular orbitals 
 
MOs Energy Sy Zn Cl S N CH 
        
88 1.771 A 4.67  0.86  2.55  79.07 79.07 
87 1.410 A 4.99  0.78  0.66  5.25  88.32 
86 1.219 A 3.94  0.76  25.95  2.24  67.10 
85 0.973 A 7.59  0.90  5.24  21.74  64.53 
84 0.692 A 11.35  0.43  12.92  17.20  58.10 
83 0.511 A 0.25  0.04  0.22  0.33  99.15 
82 0.184 A 26.44  1.34  10.40  2.94  58.87 
81 -0.536 A 6.29  6.29  3.59  2.75  87.13 
80 -0.920 A 3.28  0.33  10.94  7.49  77.96 
79 -3.672 A 0.60  1.90  30.81  21.88  44.80 
--- HOMO - LUMO gap --- 2.563 eV ---------------------- 
78 -6.235 A 2.40  96.95  0.27  0.17  0.21 
77 -6.381 A 1.63  94.60  2.48  0.50  0.79 
76 -6.435 A 4.78  85.25  7.72  1.18  1.07 
75 -6.481 A 2.48  76.17  15.44  1.42  4.49 
74 -7.113 A 11.03  67.27  7.84  9.01  4.84 
73 -7.541 A 1.77  2.18  67.06  16.39  12.60 
72 -7.708 A 7.93  16.90  54.90  5.08  15.18 
71 -7.793 A 14.87  43.20  28.20  6.60  7.13 
70 -8.282 A 3.50  12.22  44.53  29.15  10.60 
69 -9.453 A 27.51  13.00  42.78  6.91  9.80 
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B. Electrochemical studies 
 
B.1 Electrochemical behavior of 2.1b-2.1g. 
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B.2 Electrochemical behavior of 2.2a, 2.2b, 2.2f, and 2.2g. 
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B.3 Electrochemical behavior of [Fe(iPr2Dt0)3][PF6]3, 4.2a 
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B.4 Electrochemical behavior of [Fe(Me2Dt0)3][PF6]3, 4.2b 
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B.5 Electrochemical behavior of [Fe(iPr2Dt0)3][PF6]2[FeCl4], 4.3a 
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B.6 Electrochemical behavior of [Fe(iPr2Dt0)3][PF6]2, 4.1a 
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B.7 Electrochemical behavior of [Fe(iPr2Dt0)3][PF6]2, 4.1b 
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B.8 Electrochemical behavior of [ZnCl(iPr2Dt0)2][PF6], 3.3b 
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B.9 Electrochemical properties of [Co(Me2Dt0)3][PF6]2, 4.4b  
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B.10 Electrochemical properties of [Cu(iPr2Dt0)2][PF6], 3.1a and 
[Cu(Me2Dt0)2][PF6], 3.2a  
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B.11 Electrochemical properties of [Cu(iPr2Dt0)2]PF6], 3.1b and 
[Cu(Me2Dt0)2]PF6], 3.2b  
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